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In the study concerning the effect of fiber shape on the Kozeny factor
it was necessary, in the case of fibers of noncircular cross section, to correct
the geometric fiber surface area for the finite areas of contact between fibers.
In this development it was assumed that the total area of contact in a fibrous
bed was given by the expression:
total area of contact = N A (lE)c c
where N is the total number of contact points and A is the average area of-c -c
contact between fibers. It is apparent, however, since two fibers participate in
each fiber-to-fiber contact, the area which is not effective in offering resist-
ance to fluid flow is twice that given by the above expression or
total area of contact = 2 Nc Ac (2E).
The value of N in this relationship was assumed to be equal to the
total length of fiber in the bed divided by the average distance between contact
points. The average distance between contact points (or fiber segment length),
b', is defined by Equation (80) of the thesis. The resulting expression for N
was
where the symbols are as defined on page 116 of the thesis.
That this expression for N is incorrect can be shown by the following
argument. Consider, for the moment, that the entire fibrous bed is composed of a
single, continuous fiber which is doubled and folded back on itself so as to form
N contact points. It is apparent that the total number of fiber segments (of
average length, b') in the bed is represented by 2N - 1, or, assuming N to be
very large, by 2N . This result can be seen more clearly by reference to the
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simplified diagram below.
Figure 1E. Simplified Diagram of Fiber Contacts
In this sketch there are 4 contact points (i.e., N =4) while the total number
of segments between contacts is equal to 7 (i.e., 2N - 1). If the ends of the
fiber are ignored and N is very large (as is actually the case), the number of
-c
segments is equal to 2N or 8. While this step may be questionable in this
simplified situation, in the actual case no significant error will result.
From the above argument, it is easily seen that the total fiber length
Lf, in the bed is given by
2 N b' = L
Lf
Applying this correction, Equation (81E) becomes
Combining this result with Equation (82) of the thesis and Equation (2E) above
yields
total area of contact = 8 W2 U2/(2 D Af p 2 AL) (83E)
which is identical with Equation (83) given on page 117 of the thesis.
Thus, the calculated values of the Kozeny factor listed in Tables XIV
and XV of the thesis and the results plotted in Fig. 21 remain unchanged. How-
ever, it is felt that the above-mentioned conceptual errors are of theoretical
-3-
significance and warrant the publication of this errata. In spite of the diffi-
culties encountered in estimating the correct surface area exposed to flow in
fibrous beds, it is felt that the results obtained do indicate a possible effect
of fiber shape on the Kozeny factor and that certainly this subject is of suffi-
cient significance to warrant further investigation.
It should also be pointed out that there are two typographical errors
in the thesis. In Equation (81), page 116, n in the denominator should be raised
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The major objectives of this thesis were: (1) to determine the permeability
and pore size distribution properties of carefully prepared handsheets of paper,
(2) to relate the permeability of these sheets to the hydrodynamic specific sur-
face area and porosity of the sheet, and (3) to determine the effect of pore
size distribution on the permeability properties of paper. All of the specimens
tested in this study were prepared from an unrefined, bleached sulfite pulp.
This pulp was classified to remove fines with only the fraction held on a 20-
mesh screen being retained.
A number of experiments were conducted on thick mats (basis weight of about
2300 g./sq. m.) in which the air permeability properties of the dry, bonded
specimens were determined as a function of the compacting pressure on the mat.
The specific objective of these studies was to establish the relationship between
the hydrodynamic specific volume of the fibers and the apparent density of the
mats. The apparent density of the thick mats was varied by changing the applied
wet pressure. It was noted that the calculated hydrodynamic specific surface
area of the mats increased as the wet pressure applied to the mat was increased.
This increase was shown to be due, in part, to a progressive collapse of the
fiber into a flatter, more ribbonlike structure. In permeability studies on
synthetic fiber beds, it was demonstrated that at a given level of porosity the
resistance to fluid flow increased as the fibers became flatter. These changes
were manifested in a higher value of the Kozeny factor for the flattened fibers.
In the experiments conducted on thin handsheets, both the air permeability
and pore size distribution properties were measured. It was found that while
the permeability properties were unaffected by basis weight, the pore size dis-
tribution of these sheets became narrower and shifted to smaller pore sizes as
the basis weight was increased. As a result of this observation, it was concluded
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that changes in the pore size distribution (as measured by the gas-drive tech-
nique) have relatively little effect on the permeability properties of paper
over the range of pore size distribution studied. These results also indicated
that the pore size distribution of the thick mats must have been relatively
narrow.
In the study of the effect of wet pressure on the porous structure of paper,
it was found that the mean of the pore size distribution decreased rapidly, while
the standard deviation of the pore size distribution decreased slightly, as the
wet pressure applied to the sheet was increased. These changes were attributed
to a rearrangement of the fibers in the structure when the sheet was wet pressed.
An attempt was made to calculate the hydrodynamic specific surface area of
the handsheets using the modified hydraulic radius theory developed in this
thesis. While this theory represented a significant improvement over the usual
form of the Kozeny-Carman equation, several anomalies were found in applying the
modified hydraulic radius theory to the data. These discrepancies were attributed
to the effects of pore branching and pore constrictions. It was not possible to
account for the branching and interconnecting of pores in the modified hydraulic
radius theory. The errors introduced by pore constrictions are inherent in the
gas-drive method for measuring pore size distribution.
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INTRODUCTION
The physical properties of paper may be divided, in a general way, into
mechanical, optical, and porous properties. While the mechanical and optical
properties of paper have been investigated extensively in recent years, the
study of the porous structure of paper appears to have been largely neglected.
Yet, in the utilization of paper, the porous structure of the sheet has a promin-
ent role. Many of the applications of paper, such as filter papers, blotting
papers, and sanitary tissues, are related directly to the porous nature of
the sheet. In other cases, the usefulness of paper is limited by its porous
nature. For example, paper is laminated or impregnated with waxes to lower its
permeability to moisture vapor; paper is sized to prevent excessive spreading
of inks, and paper is laminated with a variety of plastics to produce a sheet
which is resistant to the penetration of water and other solvents. In addition,
in many converting operations where liquids are forced into the sheet by the
action of a nip, the porous structure of the base sheet is undoubtedly of im-
portance.
Early studies on the porous structure of paper were concerned primarily
with the air and liquid permeability properties of the sheet. Only in recent
years have attempts been made to characterize the distribution of pore sizes
in a sheet of paper. In only a few studies have any attempts been made to
relate the pore size distribution to the permeability properties of the sheet.
In addition, relatively little work has been done to relate the permeability
of paper to the more fundamental properties of the surface area exposed to flow
and the fractional volume of voids in the sheet.
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Because of the extremely complex nature of the porous structure of fibrous
sheets, a rather complete review of the pertinent literature is presented. For
the purposes of this review, the methods which have been used to describe the
structure of porous media have been divided into three broad categories. These
include: (1) the phenomenological approaches such as the hydraulic radius
theories, (2) the analytical approaches as exemplified by the various drag
theories, and (3) the statistical approaches. The studies which have been con-
ducted in each of these categories are reviewed in some detail in order to
establish an understanding of the underlying principles involved in each method
and to develop an appreciation for the limitations which are inherent in each
of these approaches.
This review is followed by a discussion of the recent studies concerning
the distribution of pore sizes in porous media and the complicated manner in
which the flow channels through a porous medium are branched and interconnected.
Finally, the limitation of these approaches are considered in light of the
probable structure of a sheet of paper. It is concluded that the hydraulic
radius theories represent the only approach which has been developed to the
point of practical usefulness in the present investigation. The major limitation
in applying the hydraulic radius theories to a normal sheet of paper is that such
a structure has a broad distribution of pore sizes which has heretofore not been
accounted for in these theories. A "modified hydraulic radius theory" is de-
veloped in which variations in pore size are taken into account and by which
the permeability of a porous medium is expressed in terms of the pore size dis-
tribution and certain empirical parameters.
The experimental techniques and equipment used in this study are described
next. This is followed by the presentation of the data obtained on thick mats
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of wood pulp fibers, on beds of certain synthetic fibers, and on thin handsheets
of wood pulp fibers. The specific experimental objectives of this thesis were:
(1) to measure the permeability and pore size distribution properties of care-
fully prepared handsheets of wood pulp fibers, (2) to relate the permeability
of these sheets to the surface area exposed to flow and the fractional void
volume in the sheet, and (3) to determine the effect of pore size distribution
on the permeability properties of paper. It was hoped that these objectives
would also lead to an elucidation of the basic factors which are important in
determining the permeability properties of a sheet of paper.
It is well known that a large number of variables have an effect on the
porous structure of a sheet of paper. For example, the permeability of paper
can be changed by the degree of refining of the fibers, by the presence or
absence of fillers, by the type of coating applied to the sheet, by the amount
of wet pressure applied to the sheet, and by a myriad of other variables. It
was not the purpose of this study to investigate all of the possible variables
which might influence the porous structure of paper. Rather, this thesis was
limited to the above objectives while utilizing whatever variables seemed appro-
priate to alter the properties under consideration. Therefore, in a sense, this
study must be considered to be preliminary in nature.
Because of the extreme complexity of fibrous structures, this study has
necessarily been quite empirical in nature. However, a number of interesting
and informative observations have been brought to light which should be of




A sheet of paper may be visualized as an assemblage of elongated fibers
which are bonded together at many points along their length, and among which
passages exist allowing the flow of fluids through the sheet. These passages
are of indefinite size and shape and are branched or interconnected in such a
manner that it is not possible to discern a definite dimension which is character-
istic of a particular pore space. As a result of this structure, liquids and
gases are able to penetrate into and through the sheet.
A porous medium, such as a fibrous sheet, may be defined as a material in
which the solid substance is distributed over a space larger than the volume
of the solid substance itself. As such, a porous material has a number of
properties that are related closely to the manner in which the solid matter is
distributed over the space and by which the porous structure of the material
can be characterized. A porous medium may be further classified as compressible
or incompressible, consolidated or unconsolidated, and isotropic or anisotropic.
A sheet of paper is compressible in that its bulk dimensions can be changed
by the application of an external load. It is also anisotropic since the fibers
generally lie with their axes preferentially in the plane of the sheet (the
x-y plane) thereby resulting in different permeabilities in the lateral and
transverse directions. Since the fibers in a sheet of paper are bonded to-
gether to form a more or less continuous solid phase, paper is classified as a
consolidated porous medium. A sheet of paper may therefore be described as a
compressible, anisotropic, consolidated porous medium.
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It is virtually impossible to achieve an exact geometrical description of
the porous structure of a sheet of paper. This is readily apparent from examin-
ation of the simulated cross section of a sheet of paper shown in Fig. 1.
Figure 1. Simulated Random Section Through a Sheet of Paper
In the above figure, A' and B' are randomly located points in a random
plane through the sheet. To achieve an exact geometrical description of the
sheet, it is necessary to construct a model in which there is a point-to-
point identity between an infinite number of these points in an infinite
number of plane sections through both the model and the sheet of paper. Then,
and only then, can it be said that exact geometrical similitude has been achieved.
This is obviously not possible. Furthermore, the geometrical description of a
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sheet of paper is only the first step. A complete description of the porous
structure of the sheet would require a knowledge of the distance from each
randomly located point to a solid surface, the orientation of the surface, and
textural properties of the surface. In view of these considerations, it is not
surprising that it has been necessary to describe the structure of porous media
by other, less rigorous, means.
An alternative approach to describing the structure of porous media which
has been studied intensively is the mathematical description of the flow of
fluids through the porous medium. The description of fluid motion in any geo-
metrical system is found in the differential equations based on the three con-
servation principles. These are: (1) the conservation of matter, or equation
of continuity; (2) the conservation of momentum, or equations of motion, and
(3) the conservation of energy, or equation of state. These general equations
are discussed in detail in the literature (1, 2).
In theory, the differential equations describing the three conservation
principles are sufficient to predict all of the details of the motion of a
fluid flowing through any confined space, regardless of its shape or complexity.
However, even a cursory inspection of the classical texts on hydrodynamics (2)
discloses that, except for the case of relatively simple geometries, the
mathematical solution of these differential equations is quite impossible.
In order to obtain a rigorous solution of these general equations, it is neces-
sary, among other things, to completely specify the boundary conditions of the
flow. This would amount to a complete geometrical description of the porous
medium, which is not feasible. In view of these considerations, it has been
necessary to adopt a more empirical approach to the description of the flow of
fluids through porous media.
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A tenable, quantitative description of flow through porous media begins
with the Darcy equation. This equation describes the steady-state, isothermal
flow of a nonreacting, incompressible fluid through a homogeneous porous medium
and may be written as
u = Q/A = K AP/L (1)
where:
u = superficial linear velocity
Q = volumetric rate of flow
A = cross-sectional area of the test specimen
AP = frictional pressure drop across the test specimen
L = thickness of the test specimen, and
K = a proportionality factor which is dependent on the properties
of the porous medium and the permeating fluid
The region of flow in which Equation (1) is experimentally valid is desig-
nated as laminar, streamline, or viscous flow. This does not infer that inertial
effects are entirely absent. On the contrary, local velocity fluctuations must
exist in the fluid as it passes through the complex pore space of a porous medium.
However, in the flow region where Darcy's equation applies, the inertial effects
are negligibly small and the frictional pressure drop may be considered to be
due entirely to the viscous drag of the fluid.
As mentioned above, the proportionality factor, K , includes the properties
of the permeating fluid. Since it has been demonstrated both experimentally
and theoretically that the fluid density is not a factor in the region where
Equation (1) applies (1), the effects of the fluid on K may be separated in a
simple manner:
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K ° = K/n (2)
where K is a new proportionality factor known as the permeability coefficient
or simply the permeability of the porous medium. The permeability coefficient
is determined only by the structure of the porous medium and is independent of
the nature of the permeating fluid.
A combination of Equations (1) and (2) results in the generalized form
of Darcy's equation, more often referred to as Darcy's law:
u = Q/A = K AP/(nL) (3)
The formal definition of permeability may therefore be stated as the volume
of fluid of unit viscosity passing through a unit cross section of the medium in
unit time under the influence of a unit pressure gradient.
While Darcy's equation was formulated from experimental data over a century
ago, it was only recently proved theoretically. By means of the reasoning of
irreversible thermodynamics, Mokadam (3) was able to derive a general equation
for flow through porous media. He further demonstrated that Darcy's equation
was a special case of this general relationship. It may therefore be stated
that Darcy's equation is a theoretically and experimentally valid law in the
flow regime known as viscous or laminar flow. It has been amply demonstrated
experimentally that Darcy's law is applicable to paper and fibrous beds (4-6).
STUDIES ON THE STRUCTURE OF POROUS MEDIA
The separation of the permeability coefficient into the geometrical proper-
ties of the porous medium has been much more difficult than separating the fluid
properties from those of the solid phase. There have been three different
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approaches to this problem: (1) the phenomenological approach, which includes
the hydraulic radius theories, (2) the analytical approach as represented by
the drag theories of permeability, and (3) the statistical approach.
PHENOMENOLOGICAL APPROACHES
In the phenomenological approaches, the flow of fluids through porous media
is considered to be analogous to flow through a system of capillaries. These
approaches may be further divided into studies on cylindrical capillary models
and studies on noncylindrical capillary models. Studies of the latter models
are also referred to as hydraulic radius theories.
In order to relate the flow of fluids through porous materials to more
fundamental quantities, Kozeny (7) developed a widely used theory based on the
hydraulic radius concept. The Kozeny equation was later modified by Carman (8),
who applied the equation to the determination of the surface area of porous
materials. Because of the importance attached to this relationship and the
necessity for realizing the assumptions made in evolving the Kozeny-Carman
equation, a brief outline of the derivation is given below.
The Poiseuille equation for viscous flow through a long, straight capillary
tube of radius, R, cross-sectional area, A, and length, l, is
u = Q/A = R2 /(8 n l) (4).
This relationship can be extended to channels of noncircular cross section by
introducing the concept of the hydraulic radius, m. For a cylindrical channel,
volume of channel R2 R
wetted area of channel 2 R l 2
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Substituting this value of m for R in Equation (4) and replacing the resulting
factor of 2 by the shape factor, k , results in the generalized form of Poise-
uille's equation:
2
Kozeny (7) noted the similarity between Darcy's law and the generalized
form of Poiseuille's equation and proceeded to relate the permeability coeffic-
ient to the size, shape, and mode of packing of the solid material making up the
porous medium. The total cross-sectional area of the pore space was shown to
equal EA, where E is the porosity or fractional volume of voids and A is the
cross-sectional area of the medium. Kozeny considered the porous material to
be equivalent to groups of parallel, similar channels of complex cross-sectional
shape and oriented in the direction of macroscopic flow. The total volume and
internal area of these channels were considered to be equal, respectively, to
the total void volume and the total surface area of the medium. The mean hy-
draulic radius is then given by
m = E (7)
So
where S is the surface area per unit volume of the medium.
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Carman (8) reasoned, first, because cross-sectional area available to fluid
flow within the porous medium is restricted and, second, because it is quali-
tatively apparent that the fluid is constrained from flowing in a straight line
through the medium, that the actual average velocity of the fluid, u , is given
by
e = (/E)(L /L).e e (8).
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In Equation (8), u is the superficial approach velocity of the fluid, L is the
actual thickness of the porous medium, and L is the apparent length of the
equivalent channels in the direction of macroscopic flow.
Combining Equations (6), (7), and (8), one obtains
The product of the pore shape factor, k , and the tortuosity factor, (L /L) ,
is referred to as the Kozeny factor* and is designated by k. The surface area
of the particles per unit volume of the medium, S , may be written in terms of
the surface area per unit volume of the particles, S , by assuming that the
area of contact between the particles in the medium is negligible. Thus,
S = S (1 - ) (10)
Substituting for k (L /L)2 and S in Equation (9) gives the usual form
o
of the Kozeny-Carman equation.
Comparing Equation (11) with Darcy's law, it is seen that the permeability
coefficient is represented by
The specific surface area may also be written on a mass basis since
S = vS (13)
*The factor k is referred to by some authors as the "Kozeny constant." However,
since it is now recognized that k is not a constant but can vary with porosity
and other properties of the porous medium, the term Kozeny factor is preferred.
where S is the hydrodynamic surface area per unit mass of solid material and
v is the hydrodynamic specific volume2 of the particles which compose the porous
medium. The combination of Equations (12) and (13) yields
Recent monographs by Scheidegger (9) and Carman (10) discuss in detail
much of the large volume of literature which has grown out of the Kozeny-Carman
theory, and a review of this type will not be given here. Instead, the general
conclusions of significance to the present study will be discussed, particularly
those relating to fibrous beds and to consolidated porous media.
A considerable amount of effort on the application of the Kozeny-Carman
equation has centered about selecting a proper value of the Kozeny factor, k.
In the terminology used in deriving Equation (11), the factor k is considered
to be the product of a shape factor, k , and a tortuosity term, (L /L)2. The
theoretical values of k for flow channels of various cross-sectional shapes
-o
have been presented by Carman (8). These are listed in Table I and were derived
from solutions of the general equations of fluid flow.
In a simple experiment in which a dye was injected into water flowing
through a bed of large glass spheres, Carman (10) observed that the instan-
taneous velocity was generally at an angle of 45° with the direction of macro-
scopic flow. From this he concluded that the average length of the path for
For microporous materials such as wood pulp fibers, the term "hydrodynamic
specific surface area," in which the intrafiber surfaces are excluded and
slight surface roughnesses are considered unimportant, is preferred.
For wood pulp fibers, the "hydrodynamic specific volume" includes the volume
of solid material plus the volume of nonflowing fluid. As a result, v is
always larger than the reciprocal of the pycnometric density of the solid material.
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fluid flow was times the bed thickness. Since the data obtained on beds of
glass spheres and packed sand indicated a value of about 5 for the Kozeny factor,
Carman concluded that the shape factor must have an average value of 2.5. These










a. Major axis = 2 x minor axis 2.13
b. Major axis = 10 x minor axis 2.45
3. Rectangles
a. Length = breadth (square) 1.78
b. Length = 2 x breadth 1.94
c. Length= 10 x breadth 2.65
d. Length is infinite 3.00
4. Equilateral triangle 1.67
A rather complete study of the effect of porosity and particle shape on
the value of the Kozeny factor has recently been published by Wyllie and Gregory
(11). These authors determined the surface area of a number of different parti-
cle shapes as a function of porosity using a statistical "pin-drop" method.
These particles were then formed into beds and subjected to permeability tests.
From the known surface areas and porosities,Wyllie and Gregory were able to
calculate values of the Kozeny factor. A portion of the results presented by
these authors is recorded in Table II. The column labeled k represents the
-c
corrected values of Kozeny factor in which the area of contact between particles
was taken into account. The column labeled k represents the values of Kozeny
factor assuming point contact between particles.
Particles
TABLE II
EFFECT OF PARTICLE SHAPE ON THE KOZENY FACTOR




Sv = 18.6 sq. cm./cc.
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It is readily seen from the data of Table II that the Kozeny factor is greatly
affected by particle shape, particularly for the more angular-shaped particles.
While the uncorrected values of k are near the value of 5 suggested by Carman, when
account is taken of the area in contact, the Kozeny factors are significantly higher.
Wyllie and Gregory (1l) also studied the effect of particle size on the Kozeny
factor by determining the permeability of mixtures of spherical particles of
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different sizes. The surface areas were calculated from the particle diameters
and, since the requirement of point contact between particles is probably justi-
fied with these beds, no corrections were applied to the Kozeny factors. A
summary of the results of these studies, together with the particle dimensions,
are presented in Table III. It can be seen from these data that, as the distri-
bution of particle sizes (and presumably the pore size distribution) becomes
broader, the calculated Kozeny factors increase. From the studies of Wyllie and
Gregory (11), it may be concluded that porosity, particle shape, and pore size
distribution all affect the value of the Kozeny factor, k.
TABLE III
EFFECT OF PARTICLE SIZE ON THE KOZENY FACTOR












61% 3 mm.; 41.7% Grade 5
58.3% 3 mm.; 41.7% Grade 5
51.3% 3 mm.; 48.7% Grade 9
61.1% 3 mm.; 38.9% Grade 9
70% 3 mm.; 30% Grade 16



































Fowler and Hertel (12) and Sullivan and Hertel (13) have tested the validity
of the Kozeny-Carman equation when applied to the air permeability of fibrous
materials such as glass wool, cotton, and other textile fibers whose external
surface area and density could be determined with fair accuracy by other means.
Using an air permeability apparatus in which the bed could be compacted to vary-
ing degrees by means of a movable piston, Fowler and Hertel determined the per-
meability properties of these fibrous beds over a wide range of porosity. These
data were analyzed using a form of the Kozeny-Carman equation which allowed the
hydrodynamic specific surface area and the hydrodynamic specific volume of the
fibers to be evaluated simultaneously. The equation used by Fowler and Hertel
may be developed in the following way.
One can consider a fibrous bed so highly compressed that the effective
porosity is zero and all flowing fluid is excluded from the bed. Then, the
fiber density must be equal to the bed density, and
where ps and Pb are the effective densities of the fibers and the bed, respectively,
W is the mass of fibers in the bed whose cross-sectional area is A, and L is the
bed thickness at zero porosity. At any thickness of the bed, L, greater than L
the solid fraction of the bed must be equal to the ratio of the bed density to the
effective density of the fibers, and the porosity or void fraction is given by
Substituting this expression for e into the Kozeny-Carman relationship [Equation
(12)] and rearranging terms gives
-19-
where K is the permeability coefficient from Darcy's law S is the hydrodynamic
specific surface area per unit volume of the fibers, and the remaining quantities
were defined above.
According to Equation (17), a plot of the quantity (K/L)1/ 3 against L
should be linear if the Kozeny-Carman equation is applicable. Furthermore, the
value of S may be calculated from the slope of this plot, and the hydrodynamic-v
specific volume may be calculated from the intercept, L , since
Equation (17) may also be written on a mass basis by introducing the value
of v from Equation (18). Such a substitution results in
?
Fowler and Hertel (12) applied Equation (23) to beds of fibers in which the
fibers were oriented perpendicular to the direction of macroscopic flow. For
this orientation, the Kozeny factor was found to have an average value of 5.55
(over a range from 5.0 to 6.0) and was relatively independent of porosity. The
range of porosity studied was restricted to 0.55 to 0.86 (14). These authors also
investigated the case of flow through beds of fibers whose axes were oriented
parallel to the direction of macroscopic flow. For this case, the Kozeny factor
was found to have a value of 3.0 at a porosity of 0.86. Since the tortuosity
must equal 1.0 for fibers oriented parallel to the direction of flow, the shape
factor, k , was assigned a value of 3.0 for this case.
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Sullivan (14, 15) applied the Kozeny-Carman equation to the air permeability
of textile fibers in the higher porosity range from 0.82 to 0.995. He found that
the Kozeny factor increased sharply with porosity in these highly porous beds.
Brown (16) has applied a modified form of the Kozeny-Carman equation to the
determination of the surface area exposed to flow in thin handsheets of paper and
beds of dry, "unbonded" pulp fibers. He concluded that the pore shape factor,
k , "...appears to be a constant, independent of porosity for moderately compacted
beds of fibers and handsheets." He also noted that, for the fiber beds, the
Kozeny factor apparently increased with decreasing porosity. This variation was
attributed to an increase in the tortuosity term, (L /L) , and the fact that the
area of contact between the fibers became appreciable at lower porosities. Brown
also conducted air permeability tests on glass fiber beds and utilized the slip
phenomenon* at low pressures in an effort to separate the effects of pore shape
and tortuosity. The results of these tests are presented in Table IV.
The results recorded in Table IV indicate a relatively constant tortuosity
which is near the value of /2 suggested by Carman (8), whereas the pore shape
factor, k , increases regularly with porosity. In view of the theoretical values
of pore shape factor recorded in Table I, the physical significance of the higher
values of k (those above about 3.0) would seem questionable. It should also be
pointed out that the results recorded above for glass fibers are in opposition to
the conclusions of Brown regarding his beds of pulp fibers. In the latter case,
the increase in the Kozeny factor was attributed to an increase in tortuosity
with the shape factor remaining essentially constant.
*Slip flow is the condition which exists when the velocity of the fluid at the
solid boundary is not zero. This phenomenon becomes important when the dimen-
sions of the flow channel approach the mean free path of the gas (17).
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TABLE IV
VARIATION OF PORE SHAPE FACTOR AND TORTUOSITY WITH POROSITY
[After Brown (16)]
Porosity Kozeny Factor Pore Shape Factor
Ingmanson, et al. (18) have recently applied the Kozeny-Carman equation to
beds of cylindrical glass and synthetic fibers using water as the permeating
fluid. They concluded that the Kozeny factor had an average value of about 5.5
over the porosity range from 0.7 to 0.8 in agreement with the results of Fowler
and Hertel (12). These authors also found an increase in the Kozeny factor at
higher porosities and suggested the following empirical equation to describe this
variation:
Macklem (19) has applied the Kozeny-Carman equation to the flow of liquids
through woven wool felts. Several different types of felts were investigated
in both lateral and transverse permeability tests. For the case of transverse
flow (i.e., perpendicular to the specimen), the Kozeny factor was found to decrease
(20)
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from about 8.0 at a porosity of 0.68 to approximately 1.0 at porosities of 0.1
to 0.2. The unreasonably small values of k at the lower porosities were attrib-
uted to a decrease in the swollen specific volume at higher levels of compaction.
For the case of lateral flow (i.e., along the felt), Macklem corrected the
data for the deswelling of the fibers at larger compressive loads. While a
large variation in the calculated values of k was found, it appeared that the
Kozeny factor increased with decreasing porosity. Calculated values of k as
large as 26 were observed.
From the studies reviewed above, it appears that the validity of the
Kozeny-Carman equation has been fairly well established for flow through un-
consolidated fibrous beds, provided that a proper value is selected for the
Kozeny factor, k. However, in view of the variations in the Kozeny factor, the
accuracy of the equation is probably no better than + 10% in many cases. None-
theless, the Kozeny-Carman equation does yield concordant values for specific
surface area, and it appears to be adequate for many engineering applications.
Relatively little work has been done on the application of the Kozeny-
Carman equation to the viscous flow of fluids through consolidated porous media.
For the purposes of this discussion, a consolidated porous medium may be defined
as one in which the particles making up the structure are bonded or fused to-
gether to produce a continuous solid medium which is more or less rigid. Such
porous media as natural rocks, sintered glass, and a sheet of paper would fall
under this definition.
Many of the investigations on consolidated porous media have been made on
porous rocks (20, 21) which are of particular interest in the oil industry.
In these studies, the "tortuosity" was evaluated using a method originally
proposed by Archie (22). Archie defined a "formation resistivity factor," F, as
the ratio of the electrical resistance offered by a porous medium saturated with
electrolyte, R , to that of the free electrolyte solution, R,
It has been demonstrated by Wyllie and Spangler (21) that the "tortuosity" is
related to F by
where e is the porosity of the porous medium.
The basic assumption made in arriving at Equation (22) is the identification
of the ratio (L /L) of the electrical system with the corresponding ratio of the
fluid flow system which is involved in the derivation of the Kozeny-Carman equa-
tion. As pointed out by Bikerman (23), in the case of swollen gels and some
membranes, ionic migration along the surfaces and through the gel structure is
possible. For such systems, then, the paths for ionic transfer and for fluid
flow are clearly not the same. Since cellulose is a polyelectrolyte, Equation
(22) would not be expected to apply to beds of pulp fibers. This conclusion has
been supported by the experimental work of Goring and Mason (24).
In the case of consolidated porous rocks such as sandstone, Equation (22)
has been found to yield concordant values of "tortuosity." While the equivalence
of the ratio (L /L) in the electrical and fluid flow systems is certainly debat-
able, Wyllie and Spangler (21) have applied this equation to a number of samples
of sandstone with reasonably good results. These authors determined the surface
area and porosity of several samples of sandstone from fluid flow measurements
and from statistical tests. A summary of their results is presented in Table V.
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The values listed under the heading "apparent k " are the values of the pore
shape factor in the Kozeny-Carman equation required to produce agreement between
the surface areas calculated from fluid flow measurements and those predicted
statistically.
The data of Table V indicate an arithmetic average shape factor of 2.69,
which is reasonably close to the value of 2.5 suggested by Carman (8). It is
also apparent that these consolidated rocks had a much higher "tortuosity" than
the unconsolidated sand beds investigated by Carman and other workers. Thus, it
might also be expected that other consolidated porous media such as an ordinary
sheet of bonded pulp fiber would exhibit an abnormally high Kozeny factor.
However, it should be pointed out that extreme caution must be exercised
in any attempt to translate the results obtained on porous rocks to fibrous
systems. One need only consider the following basic differences between the
two systems:
1. Porous rocks have a low porosity (below 0.5) compared to fibrous struc-
tures (above 0.5).
2. Porous rocks are more or less isotropic while fibrous structures are
quite anisotropic with respect to permeability properties.
3. Porous rocks are incompressible media while fibrous mats are compressible.
4. While porous rocks are made up of more or less spherical particles,
fibrous structures are formed from elongated, ribbonlike fibers.
A few studies have been reported in which the Kozeny-Carman equation was
applied to thin handsheets of bonded pulp fibers. Brown (16) reported a hydro-
dynamic specific surface area of about 12,000 sq. cm. per g. for an unrefined
pulp wet pressed at 50 p.s.i. The corresponding value for dry, "unbonded" fibers
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was approximately 8600 sq. cm./g. In both cases, the value of the Kozeny factor
was assumed to be 6.0. Brown attributed these differences to a larger tortuosity
in the case of the handsheets.
Sanborn (25) was unable to apply the Kozeny-Carman approach to evaluate the
stress-induced changes in the interfiber exposed surface area of paper. For a
specimen formed from a lightly refined, classified pulp and wet pressed at 50
p.s.i., he found that the hydrodynamic specific surface area (calculated using
k = 5.55) was reduced from 11,000 sq. cm. per g. for the unstressed sample to
8750 sq. cm./g. for the same specimen after repeated stress-recovery cycles.
These anomalies were attributed to large changes in the pore size distribution,
which had a considerable effect on the permeability characteristics of the sheet.
Sanborn concluded, "This means that the Kozeny-Carman method of data reduction
should not be used to analyze air-permeability data gathered on relatively thin
sheets of paper. If the method is used to rectify such data....the calculated
values of interfiber exposed surface area are too high by a factor of about two..."
Recently, McDonald (26) has shown that the Kozeny-Carman equation can be
applied to thick mats prepared from an unbeaten, classified pulp. Using an
apparatus which employs a movable piston to compact the mat and the method of
data reduction suggested by Fowler and Hertel (12) [see Equation (19)], McDonald
found that the Kozeny-Carman equation described his data very well for the
porosity range from 0.4 to 0.75.
Thus, it appears that the Kozeny-Carman approach does apply to thick mats
of bonded pulp fibers. However, in the case of thin sheets of paper, the value
of the Kozeny factor is apparently greater than the value of 5.55 suggested by
Fowler and Hertel (12). Whether this difference is due to a higher tortuosity
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as suggested by Brown (16) or to effects of the pore size distribution as proposed
by Sanborn (25) is a moot question.
Another approach which has been applied to the description of porous media
and which may also be classified as phenomenological in nature is the various
cylindrical capillary models. If a bundle of cylindrical capillary tubes is
taken as the model of a porous medium, equations describing nearly all of the
flow properties can be derived by comparatively simple mathematical operations.
The equations which relate the properties of porous media to the capillary radius
distribution of the equivalent bundle of capillaries have been given by Childs
and Collis-George (27), Fatt and Dykstra (28), Tollenaar and Blokhuis (29), and
Burdine, et al. (30).
The advantages which are gained by being able to make rigorous calculations
from these models are more than offset by the failure of the models to represent
accurately the porous medium. Several obvious characteristics of real porous
media are not accounted for by a bundle of parallel cylindrical capillaries.
For example, most real porous media exhibit a different permeability in different
directions and are therefore somewhat anisotropic. In contrast, a bundle of
capillaries is perfectly anisotropic. Many other differences between the bundle
of cylindrical capillaries model and real porous media are revealed when the flow
properties of the model are compared with those of the real porous media.
ANALYTICAL APPROACHES
As mentioned earlier, the analytical approaches are represented by the
various drag theories of permeability. The basic premise of these theories is
that the pressure drop across a porous medium through which uniform flow is
occurring is equal to the total drag force experienced by the particles which
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compose the medium. Theoretically, the drag force on each individual particle
may be evaluated by solving the basic hydrodynamic equations under the appro-
priate boundary conditions. In the idealized case where the particles are
assumed to be independent of each other, the drag force on an individual particle
has been derived for such simple geometries as spheres and cylinders (2). In
actual porous media, flow interferences due to neighboring particles are always
present even at very high void fractions.
An example of the application of the drag theory to fibrous porous media
is found in the recent work of Iberall (31). He considered a unit volume of a
bed composed of N randomly oriented cylinders in which N3/ cylinders were oriented
in each of the three perpendicular directions. It was estimated by Emersleben
(32) that the drag force per unit length of a single cylinder oriented along the
direction of flow is approximately
where F is the drag force per unit length, V' is the approach velocity or the
-d
stream velocity approaching the cylinder, and n is the viscosity of the permeat-
ing fluid.
The drag force per unit length over a cylinder of infinite length oriented
perpendicular to the direction of flow is given by [see Lamb (2)]
in which:
ln Re = natural logarithm of the local Reynolds number
Re = du p/n
d = cylinder diameter
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u = local velocity, and
p = fluid density.
Iberall proceeded to combine the drag forces for the N/3 cylinders in each of
the three perpendicular directions and he then equated this result with the
over-all pressure gradient. The work of Iberall has been severely criticized
by Han (32a). The major limitation of Iberall's work lies in the faulty assump-
tion of noninterference between neighboring cylinders. Such an interference must
exist even at porosities approaching 1.0. In addition, Lamb's solution predicts
that the product of the Reynolds number and the drag coefficient (for a single
fiber) should increase with Reynolds number when, in fact, it has been demon-
strated experimentally on highly porous beds that this product is a constant (32a).
As mentioned earlier, the basic idea of the drag theories is that the
pressure drop required to maintain uniform flow through a porous medium is
equal to the total drag force experienced by the particles in the medium. For
N particles, this may be stated mathematically as
AP = NFt/A (25)
where F is the total drag force on N particles.
t
For cylindrical particles of diameter d and length L
-c
and therefore,
In the absence of interference by neighboring cylinders, F may be evaluated for
the drag over a single, infinite cylinder (2). If this result is then compared
with Darcy's law, it can be shown (32a) that
But, for cylinders
and therefore
Comparing this result with the Kozeny-Carman equation, it can be shown that
the Kozeny factor must vary with porosity. This variation is even more graphic-
ally shown by the recent work of Happel (33) in which the interference between
neighboring cylinders is also considered.
Happel was able to solve the Navier-Stokes equations for flow parallel to
and perpendicular to an array of cylinders using a "free surface model," With
this model, each cylinder is considered to be surrounded by an envelope of fluid
with a free surface (Fig. 2).
Figure 2. Free Surface Model
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The case of fluid flow perpendicular to an array of cylinders is of particu-
lar interest to this study and will be considered in some detail. For this
orientation, it is assumed that the cylinder is moving with a uniform velocity
V' in a stationary fluid. This is equivalent to the case of the cylinder being
stationary with fluid flow past it at a uniform velocity V'. The boundary condi-
tions for the free surface model are: (1) no slippage of the fluid at the sur-
face of the cylinder and (2) no shearing stress at the free surface. These
conditions are expressed mathematically as (see Fig. 2):
r
where v and v are the local velocity components in the directions of r and a,
respectively.







where p is the local fluid pressure and is the Laplacian operator.
Applying the above boundary conditions to the Navier-Stokes equations and
the equation of continuity, Happel (33) was able to show that the drag force.per
unit length of the cylinder is given by.
From Fig. 2 it can be seen that the porosity of a unit cell in the free surface
model is given by
Thus, the drag force per unit length of the cylinder may be expressed in.terms
of porosity as
From a simple force balance, the pressure drop across an assemblage of
cylinders of diameter d required to maintain a uniform velocity V' is related
to F by
where I is the thickness of the assembly. The permeability coefficient is
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therefore given by
Since the specific surface area, S , for cylinders is equal to 4/d, the
Kozeny factor is represented by
Equation (39) contains no empirical factors and is rigorously correct for flow
perpendicular to an array of cylinders. Happel's contribution seems to be in the
elimination of the ill-defined and misunderstood factors of pore shape and tortu-
osity in the Kozeny-Carman equation. A comparison of Happel's equations with
experimental results on beds of cylindrical fibers may be achieved by comparing
the Kozeny factor predicted by means of Equation (39) with the empirical correla-
tion of Ingmanson, et al. (18) Equation (20). Such a comparison is presented in
Fig. 3. Happel's equation for flow parallel to an array of cylinders is also
plotted in Fig. 3.
It can be seen that the agreement is excellent at a porosity of 0.6. At
higher porosities, Happel's equation for flow perpendicular to cylinders predicts
a higher Kozeny factor than is found experimentally. This may be due to a combin-
ation of two factors. First, since the free surface model is based on a uniform
arrangement of cylinders, there is no provision for a variation in pore size.
Physically, if the fiber mats investigated by Ingmanson, et al. (18) had an
appreciably large pore size distribution, the fluid would tend to flow preferen-
tially through the large pores, thereby resulting in a higher permeability and a
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lower Kozeny factor, at a given porosity, than the prediction based on uniform pore
size. Secondly, the Happel equation is based on flow perpendicular to an array of
cylinders which are aligned parallel to one another. The cylinders thus lie in
only one direction, whereas the fiber mats of Ingmanson, et al. were formed in such
a manner that the fibers were more or less randomly oriented in a plane perpendicu-
lar to flow. It is possible that the flow interference between neighboring fibers
might be different for a random orientation in the plane perpendicular to the
direction of macroscopic flow than for a parallel array of cylinders in the same
plane.
Nonetheless, the theoretical derivations of Happel (33) have placed the hy-
draulic radius theories on a much sounder basis for the special case of beds of
cylindrical fibers. In addition, since the free surface model takes account of
flow interference between adjacent particles in the bed, the Happel equations repre-
sent a significant advance in the drag theories of permeability.
STATISTICAL APPROACHES
Both the phenomenological approach and the analytical approach are based on
an orderly model for the description of flow through porous media. The opposite
approach is represented by the various statistical theories in which a completely
disordered model is assumed. The statistical theories assume that the randomness
or disorder of the porous medium may be predicted on the basis of ordinary prob-
ability considerations. The randomness may be attributed to the fluid as suggested
by Scheidegger (9) or to the porous medium as suggested by other authors. Scheideg-
ger's approach leads to a modification of Darcy's law in which a new macroscopic
quantity termed "dispersivity" is introduced. This quantity is taken to be indica-
tive of the sideways dispersion which the stream of fluid undergoes in passing
through the porous medium. His approach has not yet led to a useful permeability
expression and will not be discussed further
The first problem in the statistical approach is to describe the pore
geometry, and since a point-by-point specification is not possible, the descrip-
tion must be a statistical one. Debye and co-workers (34) define a function, g(r),
of a position vector r within the porous medium such that g(r) = 1 if r is in a
void region and g(r) = 0 if r is in a solid region. A complete knowledge of the
correlation function g(r) would amount to a detailed description of the porous
medium. Since this is not possible, a partial description of the medium may be
obtained by considering various average values of g(r). Thus, the volume average
of g(r) itself is the porosity or void fraction of the medium:
V
where <(r> is referred to as the one-point average. The one-point average
represents the probability that a point selected at random in a section of the
porous medium will lie within a void region. Or,
where N denotes the number of times the point lies in a void region, and N is
the total number of points selected.
Information about the shape of the void region may be obtained by adding a
length vector, 6, to the position vector, r, and averaging the product g(r)




represents the probability that a line segment having the direction and length
of the vector will, when thrown randomly on a cross section of the porous
medium, land with both of its ends in a void region. For an isotropic porous
medium, S(8) will depend only on the magnitude of 8. When 8 = 0, the product
of g(r) by itself is simply unity and its volume average is the porosity,
When 6 = , the probabilities of two events in voids a large distance apart are
independent of each other; the volume average of each event is E, and the product
2
of the two probabilities is therefore E . Thus, the correlation function S(8)
2
decays continuously from E to e as 6 is changed from zero to infinity.
Debye, et al. (34) proceeded to establish the mathematical form of the
correlation function S(6) for a completely random, isotropic porous medium. If
r is considered to be a pin of fixed length which is thrown randomly into a porous
medium, one may define P as the probability that the ends land in an environment
-ab
ab. There are four such probabilities*: P P P and P where the sub-
script 0 stands for a void and 1 for a solid environment. These four probabil-
ities are related as follows:
and
where the last equation represents the two equally probable ways in which the
ends of the pin may land in different environments.
*These are conditional probabilities in that P00 represents the probability that,
if one end of the vector lies in a void space, the other end also lies in a void
region, and so forth.
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Since S(8) decays from e to. E when 5 changes from 0 to o, it may be reasoned
that if one end of the pin is fixed in a void, the probability that the other end
also lies in a void is
Therefore, the probability that the free end lies in a solid environment is given
by
Since P = (1 - e)P10.if the pin is thrown randomly there is an equal prob-
ability that the ends will fall into different environments; hence,
Thus, the probability of "dissimilar ends," PD' can be written as
From Equation (49), one may proceed directly to a calculation of the specific
surface area. If 8 is allowed to become very small and to take on all possible
spatial orientations, while imposing the restriction that the two ends must always
remain in different environments, the pin must cut and follow the surface between
the void and solid spaces. From geometric considerations, the probability of
"dissimilar ends," PD may be calculated as follows* (Fig. 4):
*In order to calculate the "probability of dissimilar ends" from these geometric
considerations, it is also necessary that the length, 6, be small compared to
the radius of curvature of the surface, S.
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Figure 4. Calculation of the Probability
of "Dissimilar Ends," P
For the case where one end of the pin, A, is fixed in the solid while the other
end, B, is in a void space, it is apparent that point A must lie within a dis-
tance h'<8 from the surface S (see Fig. 4). If the distance h' is increased
by an amount dh', the volume which can be covered by the pin per unit volume
of porous medium is S dh'. Furthermore, only certain orientations of the pin
will allow the free end of the pin, point B, to penetrate the surface. From
the geometry of Fig. 4, the probability of penetration, P , is given by
Since one end of the pin, point A, may also be fixed in a void space, a
similar argument may be applied to this case, and the probability of "dissimilar
ends" is twice the integrated probability of penetration,
h'=O
Comparing Equation (51) with Equation (49), it is seen that the specific surface
area is given by
But, as mentioned previously, as 6 approaches zero, S(6) approaches e, so that
the value in the bracket approaches the derivative of S(6) with respect to 6 at
6=0. Therefore, the specific surface area, S , is simply minus four times the
initial slope. of the plot of S(6) versus 6.
It is now possible to proceed with the development of the mathematical form
of the correlation function, S(6). For a pin of length 6 which has one end fixed
in a solid environment, P11 can be affected by a change, A6, in the length of the
pin. The probability Pl1 will change only if the addition of A6 to the length of
the pin will allow the pin to cross the surface of the solid environment into a
void space or vice versa. If 0 is the angle between 8 and the normal to the sur-
face, the free end of the pin must lie within A6 cos0 to allow a pin of length
6 + A6 to cross into a void space. The average value of A6 cos0 over all possible
orientations is given by
0
S
However, since it is possible for the free end of 6 to be already in a void, an
extra term must be added to the expression for AP1 to account for the positive
contribution which would be made to P11 by the growth of 8 into another solid
region. The final expression of API is-11
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Substituting Equations (57) and (48) for P and Pl0 respectively, into Equation
(56), one obtains
the solution for which is
S 2
Thus, it may be concluded that the correlation function S(8), is exponential
for an isotropic medium with a random distribution of voids and solids. It
should also be noted that Equation (59) predicts that S(8) approaches e when 8
approaches zero and S(8) approaches e as 8 approaches infinity. These results
are in agreement with arguments presented earlier.
Using the two-point average, S(8), and applying the Helmholtz principle
of least action, Prager (35) was able to show that
*exp is used in this thesis to denote the power of e, the base of Naperian
logarithms, i.e., exp(x) = e-.
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The Helmholtz principle of least action, as applied by Prager, was described
as requiring that "...the stress distribution within the sample of porous material
be such as to minimize the rate of energy dissipation, subject to the condition
that the stresses on the exterior faces of the sample take on specified values."
The inequality of Equation (60) is of little practical value, but it does
indicate the potentiality of the statistical method. For instance, if Equation
(59) is combined with Equation (60) and the resulting expression is integrated,
one obtains
Comparing this equation with the Kozeny-Carman equation (K = 3/kS 2 ), it is
seen that
which is true, but of little practical value. However, Prager (35) claimed that
by using a more elaborate function such as a three-point average, the structure
of the porous medium could be determined more closely. Unfortunately, there is
no known function for the three-point average, and the theory of the three-,
four-, and five-point averages, and so on, have not yet been formulated or tested.
The two-point average has also been derived by Cornfield and Chalkeley (36),
and the method has been applied to porous materials by Chalkeley, et al. (37) and
by Wyllie and Gregory (11).
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Chalkeley and co-workers (37) demonstrated that if a pin is thrown randomly
onto a porous medium, the specific surface area is represented by
where C is the number of "cuts" (number of times the pin crosses the surface
between the voids and the solid) and H is the number of "hits" (number of times
the ends of the pin fall within void spaces). These authors found that after
2000 throws, Equation (63) predicted the value of S within + 8% of the true
value.
While the statistical theories have been applied successfully to a number
of consolidated and unconsolidated porous media, it appears that nowhere in the
literature have attempts been made to apply these theories to fibrous structures.
DISTRIBUTION OF PORE SIZES IN POROUS MEDIA
In both the hydraulic radius and drag theories of permeability, the pore
size of the porous medium is assumed to be uniform or very nearly uniform. Many
real porous media have a rather broad distribution of pore sizes, and it seems
advisable to review the recent studies on the determination of the pore size
distribution of porous media with special reference to thin sheets of paper.
As pointed out by Scheidegger (9), many problems arise when the deceptively
simple term "pore size" is used. He suggested that the pore diameter may best
be defined as the diameter of the largest sphere which will fit within the pore
space at the point in question. While this definition might be acceptable for
some instances, it has the disadvantage that a method of making the appropriate
measurements is unknown. In addition, one need only consider a pore having a
long, slitlike cross section to see that the "pore size" defined by Scheidegger
is not the correct value to be used in fluid flow calculations. For example, a
rectangular pore cross section of unit width and of length, say, four units would
certainly offer less resistance to flow than would a circular pore cross section
of unit diameter.
The pore space of a porous medium is an extremely complex maze of branched
and interconnected flow channels. A given flow passage may exist at one position
in the structure as a small slitlike opening and, at a neighboring point, it may
open into a large cavernous space. As a result of this complex structure, it
must be emphasized that the pore size or pore size distribution of a porous medium
is defined only by the experimental techniques used to measure these properties.
In addition, the manner in which the experimental data is analyzed will also
influence the computed pore size distribution. For example, the pore size dis-
tribution calculated on a cylindrical capillary model will differ from the pore
size distribution calculated from the same experimental data using a hydraulic
radius model.
Very recently, Banacki and Bowers (38) have described an experimental tech-
nique for measuring the pore size distribution of filter papers which is closely
analogous to the pore diameter definition of Scheidegger (9). Briefly, the
method involves passing a liquid, in which a large number of small, spherical
beads of different diameters are suspended, through the test specimen. The beads
which are passed by the test specimen are retained on an absolute filter and are
analyzed microscopically for size and number. A pore size distribution is then
constructed on the count and size of the beads passed by the test specimen.
This method measures the distribution of some equivalent pore diameter and
is therefore closely related to the pore size definition of Scheidegger.
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However, Banacki and Bowers (38) found that the order in which the different
sized beads were presented to the test specimen did not affect the results
obtained. Since one would expect that the larger beads might become lodged
in pores which would otherwise pass beads of a smaller size, this observation
would raise serious doubts as to the validity of the test.
It appears that the only acceptable techniques which give data reflecting
on the size of pores in a porous medium-or at least the sizes which control the
entry of fluids-are injection of a nonwetting fluid into an evacuated porous
medium or the injection of a nonwetting phase into a porous medium which is
saturated with a wetting fluid. Basic capillary theory shows that the pressure
difference across a curved interface between two fluid phases is given by the
relationship:
where R and R are the principal radii of curvature of the interfacial meniscus,
and y is the interfacial surface tension. When the meniscus is confined in a
circular capillary, Equation (64) takes the form (for imperfect wetting):
where R is the capillary radius and 0 is the angle of contact between the fluid
and the solid material. If a porous medium is considered to be a system of
interconnected cylindrical capillaries of varying sizes, a quantity of wetting
liquid will distribute itself in the pores in accordance with Equation (65), and
all of the liquid interfaces will have the same radius of curvature. [This
condition is termed capillary equilibrium.] Conversely, if a pressure difference,
AP, is imposed on a porous medium completely saturated with a wetting liquid, the
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liquid will be displaced from all pores having radii larger than that given by
Equation (65). Therefore, by varying the applied pressure difference over a
sufficiently wide range, an estimate of the pore size distribution of the porous
medium may be obtained. However, the cylindrical capillary models do not ade-
quately describe most porous media, and the pore radius defined by Equation (65)
is correct only for the special case of cylindrical pores.
Schultze (38a) has investigated the capillary rise in a variety of non-
circular capillaries, and the data which he obtained may be correlated with
reasonable accuracy using the concept of a hydraulic radius. Thus,
m = 7/pgh (66)
where m is the hydraulic radius, p is the liquid density, g is the acceleration
due to gravity, and h is the height of capillary rise.
Carman (10) has shown that for unconsolidated porous media, such as beds
of sand, the hydraulic radius is closely related to the capillary pressure by
Equations (66) and (67) are, of course, equivalent, and the latter equation has
recently been applied to consolidated porous media (20). Strictly speaking, the
above equation applies only to porous media of uniform pore size. Wyllie and
Rose (20) have tested Equation (67) for several synthetic samples which were
specially prepared by fusing together uniformly sized particles of alundum and
pyrex glass, thereby producing samples of relatively uniform pore size. The per-
meability and "tortuosity" (by electrical means) were then measured on these
samples. The surface areas were calculated from Equation (67) and from the Kozeny-
Carman equation, assuming a shape factor, k , of 2.5. These results, together
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with the results obtained on two natural sandstone samples, are presented in
Table VI. It can be seen that the agreement between Equation (67) and the Kozeny-











PERMEABILITY DATA OF WYLLIE AND ROSE (20)
sq. cm. e electrical sq. cm./cc.
680 0.258 12.52 418
660 0.254 8.25 572
63 0.236 7.35 1670
8.1 0.374 2.72 13,700


















Only a few methods for determining pore size distribution have been applied
to fibrous structures. Ritter and Drake (39) have described a method which in-
volves the stepwise penetration of mercury into the voids of a porous medium.
These workers demonstrated the applicability of this "mercury intrusion" method
to a number of incompressible porous materials. The mercury intrusion method
has been applied to woven felts by Grace (40) and to wood pulp fibers by McKnight
and co-workers (41).
The following objections to the mercury intrusion method seem to reject its
application to a study of the flow of fluids into and through a sheet of paper:
1. Because of the high surface tension of mercury, very high pressures are
necessary to obtain a closed distribution curve. McKnight and co-workers found
it necessary to reach pressures of over 1000 p.s.i. in order to obtain a complete
distribution of pore sizes. At such pressures, one is probably destroying the
very property which is to be measured.
2. At high pressures, the mercury penetrates into the fibers and it is not
possible to distinguish between intrafiber pores and interfiber pores. McKnight,
et al. (41) found that after removing the mercury from the samples as completely
as possible, examination of the fibers under a microscope clearly revealed drop-
lets of mercury in the fiber lumen.
McKnight and co-workers (41) also calculated the pore size distribution of
one sample of wood pulp fibers using the benzene desorption isotherm method
described by Pierce (42). This method involves the assumptions that (1) the
sorbed vapor is held as a liquid in the pores, (2) the pores can be treated as
cylinders, and (3) the Kelvin equation for the depression of the vapor pressure
of a capillary-held liquid is applicable for computing the pore radii from the
vapor pressure at which desorption occurs. The results obtained by McKnight and
co-workers using the benzene desorption method did not agree well with that
obtained by mercury intrusion techniques, and the former method does not appear
to be applicable to paper.
Another method of estimating pore size distribution which has been widely
used (27, 43-45) is the measurement of capillary pressure as a function of the
saturation of a porous medium. The saturation is defined as the volume of liquid
retained in the porous medium per unit volume of void space and therefore this
method also measures the volume distribution of pore sizes. The capillary suction
method, as this technique is called, has been applied to thick beds of glass
fibers by Parker (44) with good results. Recently, White and Marceau (45) have
used the capillary suction methods in studying the porous structure of wetted
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sheets of blotter stock. The method might also be applied to dry sheets of paper
if a nonswelling liquid were used as a saturant. However, experimental difficul-
ties would render such determinations relatively inaccurate. With this method,
the saturation of the sample is determined by measuring the volume of saturant
removed at each increment of capillary suction. Since the total volume of liquid
held by a normal sheet of paper is quite small, the accurate measurement of these
incremental volumes would be extremely difficult.
Corte (46) has described a "dioxane method" which appears to be better
adapted to pore size distribution studies in thin sheets of paper. A more
general term for this method, which is also based on a capillary concept, is the
gas-drive method. The gas-drive technique involves the stepwise penetration of
a gas through a sample of porous medium above which is a column of liquid. Any
number of liquids may be used with this method, the only requirements being that
the liquid does not interact with the porous medium and that it has a relatively
lower surface tension.
The determination of pore size distribution using the gas-drive method is
basically quite simple. The pressure beneath the sample is increased slowly
until bubbles appear in the liquid. The size of the pores which correspond to
this pressure may be estimated from the basic equation of capillarity [Equation
(64)] or some modification of this equation. The pressure beneath the sample is
then increased slightly. According to Darcy's law, the gas flow rate should be
proportional to the pressure drop if no new flow channels are opened to flow.
However, new flow channels of smaller size are opened to flow as predicted by
Equation (64), and the additional increase in flow rate is proportional to the
number of new flow channels opened to flow. Thus, by measuring the pressure drops
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and flow rates over a sufficiently wide range of pressures, the number distribu-
tion of pore sizes can be calculated.
That the gas-drive method does, in fact, give the number distribution of
pore sizes can best be seen by considering a parallel arrangement of cylindrical
capillaries of varying radii. Assume that there are n capillaries of radius
R. in this bundle. The total volume of capillaries of radius R is then propor-
-
2
tional to n.R. . However, from Poiseuille's equation, the flow rate through this
4
group of capillaries is proportional to n.R. . Since, in the gas-drive method,
the frequency of occurrence of each pore size is computed from the contribution
of pores of that size to the over-all flow, the resulting frequency distribution
4
must be proportional to n.R 4. On the other hand, in the capillary suction
methods, the frequency of occurrence of each pore size is computed from the
volume of pores of that size. Hence, in such a distribution, the frequency is
2
proportional to n.R. , and the pore size distribution function determined by
these two methods is distinctly different. In order to distinguish between the
pore size distribution determined by capillary suction and that measured in the
gas-drive test, the former distribution is referred to as a volume distribution
and the latter as a number distribution (46). In the simple case of a model of
parallel cylindrical capillaries, it is easily seen that these two distributions
differ and presumably they would also differ in real porous media.
The gas-drive method was applied to paper formed from lightly refined, clas-
sified pulp by Sanborn. (25) and to glassine and greaseproof papers by Corte (46).
Hence, it appears that the method can be applied to paper over a wide range of
pore sizes.
It has been shown experimentally by Corte (46) that the distribution of
pore sizes in a sheet of paper can be described by a logarithmic Gaussian
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distribution, that is, a normal distribution for the logarithm of the pore size.
He also offered several arguments to support this distribution function for
describing the pore size distribution of paper. The advantages of fitting the
pore size distribution data to a known statistical distribution function are
many. In addition to smoothing the experimental data, this allows one to specify
the distribution by means of the usual statistical parameters.
Such methods as low-temperature gas adsorption, optical examination, and
calculation of the pore size distribution from particle sizes have been applied
to a number of porous media. However, these methods either cannot be applied to
paper or do not yield information which can be interpreted in terms of the pene-
tration of fluids into and through a sheet of paper.
PORE INTERCONNECTION IN POROUS MEDIA
In order to describe the structure of a porous medium adequately, not only
the pore size but also the manner in which the pore spaces are interconnected
must be considered. An interesting and unique approach to this problem has been
presented recently by Fatt (47). He considered a network model composed of
cylindrical tubes of various sizes which were interconnected according to some
regular geometric pattern. In order to eliminate a large amount of labor, Fatt
found it necessary to reduce the three-dimensional network models to two dimen-
sions. He stated:
"This is equivalent to assuming that the change produced by
making the porous medium thin, and thereby eliminating a number of
cross-connections in the third dimension, may be compensated by in-
troducing additional channels within the two-dimensional network."
While the assumptions made by Fatt are certainly open to question, the results
which he obtained have provided some extremely useful insights into the nature
of flow through porous media.
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The first step in applying the network model to a porous medium is to select
a regular geometric network with which the porous medium is to be represented.
The four networks studied by Fatt are shown in Fig. 5. The only parameter used
to describe the network is the number of tubes connected to each tube in the net-
work. This parameter is referred to as the B-factor, and the values for the four
networks shown in Fig. 5 along with the values of the B-factor for a parallel and
series capillary model are given in Table VII.
TABLE VII
VALUES OF B-FACTOR FOR VARIOUS NETWORKS
[After Fatt (47)]
Network B-Factor
Series capillary model 2
Single hexagonal network 4
Square network 6
Double hexagonal network 7
Triple hexagonal network 10
Parallel capillary model
Fatt (47) investigated several arbitrary tube size distributions and studied
the effect of network type and tube size distribution on the capillary suction
curve of the model. He found that all of the networks studied gave capillary
suction curves similar to those found experimentally on sandstone and other porous
media. In addition, he noted that as the B-factor increased (i.e., more tubes
connected to a given tube), the capillary suction curve approached that of the
parallel capillary model which has an infinite B-factor. Fatt also found that
the shape of the capillary suction curve was not particularly sensitive to the
network model selected but was determined almost entirely by the assumed tube
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SINGLE HEXAGONAL NETWORK SQUARE NETWORK
DOUBLE HEXAGONAL NETWORK TRIPLE HEXAGONAL NETWORK
Figure 5. Network Models Studied by Fatt (47)
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radius distribution. From this he concluded that the capillary suction curve of
a porous medium can be used to estimate the pore size distribution of the medium.
Fatt also studied the dynamic (flow) properties of the network models and
compared the results predicted from the models with the available permeability
data on porous materials. With regard to calculating the resistance to flow of
a network model, Fatt pointed out:
"In practice, the calculation of the total network resistance
of a network of several hundred tubes is impossibly laborious.
Network theory leads to a determinant as the solution of the total
network resistance. The network models used in this study lead to
determinants of several hundred rows and columns; that is, deter-
minants of order 100 or more. Such determinants cannot be evaluated
by any reasonable amount of labor. Even modern, high-speed computers
cannot evaluate determinants of greater than 30th order unless the
determinant has some symmetry which permits reduction to a lower order.
The determinants derived from network models have no symmetry and,
therefore, cannot be reduced."
These conclusions led Fatt to the use of analog techniques to determine
the dynamic properties of his network models.
From these studies, Fatt (47) concluded that the dynamic properties of
porous media, such as permeability, are strongly influenced by the network form
assumed while the pore size distribution has relatively little effect. In other
words, the branching and interconnecting of the tubes in the network models
determined, to a large extent, the permeability characteristics of the model.
Rose (48) has recently extended the pioneering work of Fatt to network
models in three dimensions. In doing so, he introduced several new concepts.
Rose suggested that the best three-dimensional model available was the tetra-
hedron model shown in Fig. 6. This model has a B-factor [as defined by Fatt
(47)] of 22. With the three-dimensional tetrahedron model, then, it is possible
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to consider as many as 22 tubes connected to a given tube and, as Rose pointed
out, "...in all probability, no porous media will ever be found in nature where
such a high degree of pore branching will be required in the corresponding net-
work model."
Figure 6. Three-dimensional Tetrahedron Model of Rose (48 )
Rose also introduced the concept of a "path characterizing number" which
defines the possible number of single, double, triple, and quadruple pore path
interconnections between adjacent mesh points in the network. For the three-
dimensional tetrahedron model, the path characterizing numbers are: 1:4:8. That
is, there is one direct path, four double-length paths, etc., between adjacent
mesh points in the tetrahedron model.
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Rose further pointed out the possibility of assigning zero pore sizes to
some of the tubes in the tetrahedron model. This, in effect, reduced the B-
factor (and path characterizing number) and results in a different network
model. In this way it was shown that one could reduce the three-dimensional
tetrahedron model to any of Fatt's two-dimensional models.
The general procedures outlined by Rose (48) would serve as a useful guide
for applying these three-dimensional models to the analysis of flow through
porous media. However, as he pointed out, the problem of calculating the re-
sults of such an application is quite staggering. For example, for a three-
dimensional model of 1728 tubes (123), a solution of a 1729-order determinant
is required. This is obviously not possible. The large computer which Rose had
available for his work (the ILLIAC) is capable of solving up to 143 simultaneous
equations, whereas most present-day computers are limited to about 40 simultan-
eous equations. While Rose was able to obtain some preliminary information
through the use of special programming techniques, the general application of
such models is not yet possible. In spite of this, the work of Rose (48) and
Fatt (47) certainly represents one of the more promising approaches yet considered
in the field of flow through porous media.
Even though the network models described above achieve a degree of point-
to-point identity with real porous media which has heretofore not been attained,
they omit consideration of such properties as pore shape. Thus, even with such
elaborate models, some empirical factors may still have to be introduced to
produce complete agreement between the predictions of the models and the experi-
mental data.
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DEVELOPMENT OF A MODIFIED HYDRAULIC RADIUS THEORY
FOR SINGLE-PHASE FLOW THROUGH POROUS MEDIA
The several approaches to the description of flow through porous media
which have been described in the literature have been used with varying degrees
of success. It is necessary at this point to examine each of these approaches
in light of the probable structure of a sheet of paper.
The statistical theories described earlier are applicable only to completely
random, isotropic porous media. Since the fibers in a sheet of paper are prefer-
entially oriented in the plane of the sheet (the x-y plane), a normal sheet of
paper is quite anisotropic with respect to flow. Furthermore, the porosity and
specific surface areas determined from these statistical theories include sealed-
off pores which could conceivably occur in a sheet of paper. Such pores, if they
occur, would not be active in the transportation of fluids through the sheet.
Therefore, the extension of the statistical theories of permeability to fibrous
structures may involve some rather important modifications.
While the drag theories of permeability have been applied successfully to
fibrous systems, the work in this area has so far been limited to flow past
regular arrays of cylinders. In a sheet of dry, bonded fibers, the individual
fibers are more in the form of flat ribbons than cylinders. It is possible that
the drag force on such a fiber would be quite different from that of a cylinder.
In addition, the drag theories are based on a uniform pore size whereas a normal
sheet of paper undoubtedly has a broad distribution of pore sizes.
The network models of Fatt (47) and Rose (48) present some interesting
possibilities, but, as pointed out earlier, the calculations involved in the
application of these models are quite insurmountable.
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It appears that the only practical methods of describing the flow through
porous media presently available are the hydraulic radius theories. However,
the Kozeny-Carman approach, which is the most widely used hydraulic radius theory,
does not apply to a thin sheet of paper, as shown by Brown (16) and Sanborn (25).
The Kozeny-Carman model is essentially an analog model and can only have a
pretense of rigor when applied to a porous medium which possesses a uniform pore
size. From a practical standpoint, because of the adjustable parameter k, some
variation in pore sizes can be tolerated without introduction of appreciable
errors provided it is possible to assign a meaningful value to the mean hydraulic
radius and to the Kozeny factor. If the pores are not reasonably uniform in
size, the Kozeny-Carman model must break down seriously. According to Poiseuille's
equation, the quantity of fluid flowing through a cylindrical capillary is propor-
tional to the fourth power of the capillary radius. As a result, the quantity of
fluid flowing through a porous medium of nonuniform pore size must be dominated
by the larger pores. On the other hand, the exposed surface area is greatly
affected by the large surface-to-volume ratio of the smaller pores. The Kozeny-
Carman model disregards the presence of individual pores by lumping all pores
together into a single hydraulic radius term, E/S . This can be done with any
degree of accuracy only.if the range of pore sizes is small.
The major contribution of the hydraulic radius theories, including the
Kozeny-Carman approach, seems to be in recognizing the factors of first-order
importance which influence the permeability of porous media. It has been quite
adequately established that porosity and surface area are the primary factors
which influence the permeability coefficient. There are, of course, a myriad
of other factors which influence the flow of fluids through porous media. Among
these factors are: pore branching and interconnection, pore shape, particle shape,
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pore size distribution, tortuosity, etc. In the Kozeny-Carman equation, all of
these factors are lumped together in the parameter referred to as the Kozeny
factor. In many cases, these factors are relatively unimportant as shown by the
fact that the experimental values of the Kozeny factor do not vary widely for
many different porous media.
Much of the confusion found in the literature on the application of the
Kozeny-Carman equation is due to attempts to attach a physical significance to
the parameter k. The contention of some authors that the Kozeny factor involves
only the product of a pore shape factor and a tortuosity term is an obvious over-
simplification of the problem.
In consolidated porous media where the pore sizes vary widely, the original
Kozeny-Carman equation is no longer valid. It was for this reason that Wyllie
and co-workers (21, 43) introduced a "generalized Kozeny-Carman equation" in
which the variations in pore size were taken into account. The choice of nomen-
clature of these authors is unfortunate since the concept of pore size distribu-
tion is basically incompatible with the Kozeny-Carman theory. While the model
upon which Wyllie and co-workers based their "generalized" equation is somewhat
similar to that used in the original Kozeny-Carman equation, the two models are
nonetheless distinct and the parameters calculated from one model are not
necessarily applicable to the other.
In developing a model for flow through porous media in which pore size
distribution is taken into account, it is necessary to use an experimental tech-
nique and method of data reduction which are consistent with the selected model.
Although there are several methods for measuring the pore size distribution of
a porous medium, the gas-drive method was selected for use in this study. The
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basic principle involved in the gas-drive technique is that an increase in the
pressure drop across a porous medium which is partially saturated with liquid
causes more pores to be drained of liquid. By measuring the flow rates and
pressure drops, the pore size distribution may be estimated in the following
manner.
Consider a porous medium initially in equilibrium with a wetting liquid
which does not interact with the medium. The pressure in the gas below the
specimen is then increased slowly until flow occurs. From Darcy's law, it is
possible to define an apparent permeability coefficient, K , from-Ka
where A is the area and L is the thickness of the test specimen, n is the vis-
cosity of the permeating gas, and Q and AP are, respectively, the observed flow
rate and pressure drop.
If the pressure drop across the specimen is increased slightly, the flow
rate will increase because of two effects. First, a portion of the increase
in flow rate will be due to the increased pressure drop across flow channels
already participating in flow and, secondly, new and smaller channels are opened
to flow and this also contributes to the over-all increase in flow rate. The
additional increase in flow rate due to the opening of new flow channels will
produce a corresponding increase in K as defined by Equation (68). If the-a
pressure drop is increased incrementally to sufficiently high values, the appar-
ent permeability coefficient calculated from Equation (68) will become constant,
indicating that no additional (detectable) channels are being opened to flow.
When this point is reached, it is possible to calculate a relative permeability
for each pressure drop from
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where (K ) is the limiting value of K from Equation (68). The conversion-a max. -a
of the values of K to a relative basis in Equation (69) is analogous to the
-a
conversion of the incremental volumes of pore saturant to relative saturation
values in the capillary suction method and the values of K from Equation (69)
-r
represent the cumulative distribution of pore sizes. The frequency of occur-
rence of each pore size, AK , may be calculated by subtracting the preceding
value of K from the value at the data point under consideration [see Appendix I].
-r
The problem of defining the illusive term "pore size" has been discussed
earlier. From a review of the literature, it was concluded that an acceptable
measure of the pore size may be obtained from
where m is the hydraulic radius of the pores, y is the surface tension of the
wetting liquid, and AP is the pressure drop required to drain the liquid from
pores of the given hydraulic radius. Equation (67) is not rigorous but has been
shown by Carman (10) to be a good approximation for several regular cross-
sectional shapes. Comparing Equation (67) with the basic equation of capil-
larity, Equation (64), it is seen that for the case of perfect wetting (i.e.,
Thus, the value of m in Equation (67) is simply one half of the harmonic mean
radius of curvature of the liquid-gas interface in the pore space and Equation
(67) is therefore rigorously correct only for the case of a cylindrical pore and
perfect wetting.
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In spite of these limitations, it was felt that Equations (67) and (69)
would produce an acceptable measure of the pore size distribution of a porous
medium. It must again be emphasized, however, that the pore size distribution
is defined only by the experimental technique used to measure the property and
by the model used to analyze the experimental data.
It is now possible to proceed with the development of a model to be used
to describe the flow of fluids through a porous medium. The following develop-
ment is similar to that of Wyllie and Gardner (43) except that the gas-drive
method is incorporated for measuring the pore size distribution whereas Wyllie
and Gardner used the capillary suction technique. For lack of a better term,
this development will be referred to as a "modified hydraulic radius theory"
in order to distinguish this theory from that of Kozeny and Carman.
Instead of assuming-that the porous medium has a uniform pore size and a
uniform hydraulic radius, E/S , it is viewed as being composed of a number of
smaller, idealized media in a parallel arrangement. Each ideal medium is
considered to have a porosity, e, equal to the porosity of the original medium
and a hydraulic radius given by
Thus, the model used in the modified hydraulic radius theory may be visualized
as a "mosaic" arrangement of small, idealized media each of which is composed
of a number of noncylindrical capillaries embedded in a solid matrix. The
effective area of each idealized medium is represented by AAK where A is the
total area of the test specimen and AK is the contribution of the flow channels
of size m. to the relative permeability of the porous medium.
The basic hydraulic radius theory assumes that the permeability coefficient
of the porous medium is proportional to the porosity of the medium and to the
square of a characteristic length. The characteristic length is taken as the
ratio of the cross-sectional area of the flow channels to their wetted perimeter;
that is, the hydraulic radius. The basic hydraulic radius theory may be stated
mathematically as
where K is the permeability coefficient, e is the porosity of the medium, and
is a proportionality factor which may be termed a "flow parameter." The flow
parameter incorporates the effects of pore shape, tortuosity, pore branching,
etc., and may be expected to vary from one porous medium to another. Combining
Equations (67) and (70), the permeability of each idealized medium in the model
is represented by
The incremental rate of flow through each idealized medium is given by
and the total rate of flow through the entire model is
Substituting Equation (71) for K. into Equation (73), it is seen that the per-





where the integral corresponds to a continuous variation of pore size. By a
simple rearrangement of Equation (74), it is apparent that the flow parameter,
, may be calculated from
1
since all of the quantities on the right side of this equation are easily deter-
mined experimentally from the gas-drive and permeability tests.
The model used in developing the modified hydraulic- radius theory differs
physically-from real porous media in several important respects.
1. In real porous media the flow channels of various sizes are distributed
more or less randomly throughout the medium. In contrast, in the model described
above, the flow channels of a given size are considered to be gathered together
-in a single-idealized medium which occupies a fraction AK of the total area
r
perpendicular to the direction of macroscopic flow.
2. In the real porous medium, the pore space is made up of branched and
interconnected flow channels of various sizes whereas in the above model, it is
tacitly assumed that flow through the uniform flow channels of each idealized
medium is possible without any contribution being made by flow channels which
are either larger or smaller than those being considered. Therefore, the compon-
ents of flow from each idealized medium are presumed to be independent of, and
suffer no interference from,.all other components.
3. It is also implicit in Equation (74) that the flow parameter is identical
for each hypothetical ideal medium.of uniform pore size; that is, was not in-
cluded in the summation of Equation. (74).
These physical requirements are clearly not realized in real porous media.
The assumption that each pore size contributes to the flow independently of all
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other pore sizes is obviously untrue in real porous media which have interconnect-
ing and branching pores of various sizes. A similar assumption was made by Wyllie
and Spangler (21) in their development of equations relating permeability to
measured capillary and electrical parameters. These authors suggested that this
assumption may be rationalized by considering that the flow through pores of a
given size occurs by way of interconnecting pores of different sizes. The flow
resistance of the connecting pores may be ignored since this resistance is in-
corporated in an appropriate, experimentally determined hydraulic radius. In
spite of these arguments, the assumption of noninterference between flow compon-
ents remains one of the more obvious defects of this theory.
As mentioned earlier, it is also assumed in this development that the flow
parameter is not dependent on pore size. Since all of the idealized media are
considered to have the same porosity, this is equivalent to assuming that is a
function of porosity only for a given porous medium. While this assumption is
not easily justified, a similar argument was followed by Wyllie and Gardner (43)
and by Burdine, Gournay, and Reichertz (30).
At this point it may be helpful to analyze the essential differences be-
tween the modified hydraulic radius theory described above and the "generalized
Kozeny-Carman equation" of Wyllie and Gardner (43). The permeability equation
given by these authors is
where k is the Kozeny factor and As is an incremental change in saturation. In
arriving at Equation (75) Wyllie and Gardner considered the porosity of each
idealized medium to be less than the over-all porosity of the real medium by a
fraction As; that is, the contribution of each ideal medium to the over-all
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porosity was considered to be Ae = eAs where As is the incremental change in
saturation which occurs when pores of size m. are drained of liquid. Wyllie
and Gardner then summed the contributions of each ideal medium to the porosity
of the original medium. Thus, these authors carried out the summation over the
volume-dependent property of porosity (or saturation) and the capillary suction
method was used to determine the values of m. and As.
In contrast, in the model used in the development of the modified hydraulic
radius theory, the idealized media are all assumed to have the same porosity as
the original medium. However, in this model, the effective area of each hypo-
thetical medium is considered to be restricted to a fraction AK of the bulk
-r
area of the real porous medium (taken in a direction perpendicular to the direc-
tion of macroscopic flow). The summation is then carried outover the area-
dependent property of relative permeability. Thus, the essential difference
between the model used by Wyllie and Gardner and that employed in the modified
hydraulic radius theory lies in the method used to determine the pore size dis-
tribution of the porous medium. The physical models upon which each of these
theories is constructed differ only in relatively minor detail. It is felt that
the major advantage of the modified hydraulic radius theory lies in the fact that
a dynamic (flow) technique is used to determine the pore size distribution.
Since the gas-drive method is basically a permeability technique, the pore size
distribution determined by this test should be closely related to the hydraulic
radii which are effective in offering resistance to fluid flow.
Comparing Equation (70) with Equation (74), it is seen that in the modified
hydraulic radius theory, the value of m is replaced by
It should be pointed out that Equation (78) involves the implicit assumption
that the hydraulic radii determined in the gas-drive test are identical with
those which are effective in offering resistance to the flow of fluids through
the porous medium.
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PRESENTATION OF THE PROBLEM
A common method of studying the structure of porous media is to describe
the flow of fluids through such materials. A review of the literature reveals
that studies on the flow of fluids through porous media have been limited to
three approaches. These are: (1) the phenomenological approach, such as the
hydraulic radius theories; (2) the analytical approach, represented by the drag
theories; and (3) the statistical approach. The last two approaches have not
yet been developed to the point of practical usefulness in the present study.
On the other hand, the hydraulic radius theories, such as that of Kozeny and
Carman, have been applied to flow through fibrous porous media with moderate
degrees of success. However, the Kozeny-Carman theory is not applicable to
porous media which have a broad distribution of pore sizes.
It is expected that a thin sheet of paper has a relatively broad pore size
distribution. Consequently, the Kozeny-Carman equation would not be expected
to apply to such a structure. A modified hydraulic radius theory has been
developed in an effort to extend the applicability of this approach. In this
theory, the permeability coefficient is expressed in terms of the pore size
distribution and certain empirical parameters which are presumed to be character-
istic of the porous medium. Since this approach is somewhat similar to that of
Kozeny and Carman, it is subject to some of the same limitations which apply to
the Kozeny-Carman theory. Some of these limitations are (10): No pores are
sealed off; the void spaces are distributed at random in the structure; viscous
flow is maintained; and molecular effects such as interactions between the per-
meating fluid and the medium and "slip flow" are either absent or insignificant.
All of these conditions were observed, insofar as possible, in the experimental
program.
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Specifically, the experimental objectives of this study are: (1) to measure
the permeability and pore size distribution properties of carefully prepared
handsheets of paper, (2) to relate the permeability of these sheets to the sur-
face area exposed to flow and the porosity of the sheet, and (3) to determine
what relationship, if any, exists between the pore size distribution and permea-
bility properties of paper. From the pore size distribution and permeability
data the empirical factors in the modified hydraulic radius theory can be evalu-
ated. The differences in the porous structure of the various test specimens
should be manifested in different values of this parameter. In this way, it is
hoped that some of the basic factors which influence the permeability character-
istics of thin sheets of paper can be elucidated.
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EXPERIMENTAL EQUIPMENT AND TECHNIQUES
Before describing the details of the experimental techniques used in this
investigation, a general outline of the experimental program will be presented.
It is convenient, for the purposes of this discussion, to divide the experimental
program into three areas of study. These are: (1) the air permeability tests on
thick mats of wood pulp fibers, (2) the air permeability tests on thin handsheets
of these fibers, and (3) the pore size distribution tests on these thin handsheets.
As was mentioned earlier, in the case of wood pulp, the specific volume of
the fibers is not simply the reciprocal of the pycnometric density. For such
fibers, the hydrodynamic specific volume, in which the volume of stagnant fluid
within the fiber structure is taken into account, must be used. The experimental
techniques and method of data reduction described by Fowler and Hertel (12) provide
a convenient method of determining the hydrodynamic specific volume of pulp fibers.
At the same time, by noting the range of porosity over which the rectified plot
of the data is linear, an idea of the applicability of the hydraulic radius
theories, such as the Kozeny-Carman equation, can be obtained.
The specific objectives of the air permeability studies on thick mats of
pulp fibers were therefore twofold: (1) to determine the hydrodynamic specific
volume of the fibers used in this study as a function of the mat apparent density,
and (2) to establish the range of porosity over which the hydraulic radius
theories might be expected to apply to such structures.
Air permeability tests were conducted on thin handsheets prepared from the
same pulp used in the mat permeability studies. The results of these tests were
used to estimate the hydrodynamic specific surface area and porosity of the sheets.
The basis weight of the sheets and the wet pressure applied to the sheets were
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varied in these studies. The data from these tests were analyzed using the usual
form of the Kozeny-Carman equation and the modified hydraulic radius theory de-
veloped earlier in this thesis.
In order to apply the latter method of data reduction, the pore size distri-
bution of these test specimens was also determined using the gas-drive technique.
Since both the pore size distribution and the permeability were measured on each
of the thin handsheets, it was possible to assess the effect of pore size distri-
bution on the permeability characteristics of paper.
PREPARATION OF TEST SPECIMENS
In order to avoid the problems related to fines distribution in the sheet,
it was decided that sheets with a relatively simple porous structure should be
used. Therefore, a long-fibered, bleached sulfite pulp was obtained in dry lap
form for use in this study. This pulp was subjected to the following treatment
before it was used to prepare the test specimens:
1. Eighty 30-gram batches of the unrefined pulp were classified using a
modification of Institute method 415 (49) in which the slurry was classified for
30 minutes on a Bauer-McNett classifier and only the portion held on a 20-mesh
screen was retained. Ordinary tap water was used for this classification except
for the last five minutes when deionized water was used.
2. Each of the 80 batches of fines-free pulp was dewatered on a large
Buchner funnel, and then all 80 batches were blended at a consistency of about
3% using a Williams pulp breaker.
3. The resulting pulp was dewatered with a laboratory washbox and stored
at a consistency of about 20% in polyethylene bags in a cold room at 40 F.
Approximately 2% formaldehyde (ovendry basis) was added to each bag as a pre-
servative.
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It was considered essential to this study that the formation of the test
specimens, both the thick mats and the handsheets, be uniform and reproducible.
In order to achieve these ends, the constant-rate filtration apparatus shown
in Fig. 7 was used. This equipment is a modification of that used by Jones (50)
and proved to be very satisfactory.
The slurry was contained in a 50-gallon stainless steel tank from which it
passed through a 1-inch diameter Tygon tube into the forming tube. The forming
tube was made up of two sections of Lucite tubing. The upper portion was 4
inches in diameter and 36 inches long. A flow stabilizer positioned near the
top of this tube served to break up the excessive turbulence from the inlet.
The upper section was fastened to the 5-inch diameter lower section by four
brass bolts and was sealed with a rubber O-ring. The lower section of the form-
ing tube is positioned on the septum and was held in place by four threaded brass
rods. An 0-ring seal was also provided between the lower section of the forming
tube and the septum assembly.
The septum was made from a drilled brass plate over which a 150-mesh
brass screen was securely clamped. The septum was held to the base cylinder
by four brass screws and was sealed by a rubber 0-ring.
The outlet pipe from the base of the apparatus served as a filling line for
introducing water into the storage tank and as an outlet during the formation of
a specimen. In filling the storage tank, deionized, deaerated water* was fed to
the inlet side of a rubber-impeller, "positive-displacement" pump. A recycle
*During the summer months, the deionized water supply was found to be contamin-
ated with algae and other particulate matter. Since this material could not
be removed with the usual filtering techniques, distilled, deaerated water was







line containing a by-pass valve and a relief valve was placed around the pump
to prevent excessively high pressures in the system. The outlet of the pump
was connected through a Fulflo filter to the base of the apparatus. The filter
element was wrapped with Whatman no. 1 filter paper in order to improve the
filtering efficiency.
By filling the forming tube and storage tank from below the septum, trapped
air in the system was effectively eliminated. Several air-bleed valves on the
apparatus served to eliminate trapped air from the flow lines.
In forming a specimen, the water was recycled back to the storage tank or
was pumped to the sewer through a rotameter. The flow rate was controlled by a
globe valve on the downstream side of the rotameter. A second globe valve on
the upstream side of the rotameter was adjusted to provide a constant back
pressure of 7 p.s.i. on the rotameter.
A small mixer in the storage tank was used to keep the slurry in suspension.
All pipe and fittings on the apparatus were either brass or stainless steel.
In forming the thick mats, the required amount of pulp was weighed out on
a triple-beam balance in 2.5-gram (ovendry) portions. This pulp was then added
to 2 liters of deionized water and was disintegrated for 150 counts in a British
disintegrator. The resulting slurry was deaerated under vacuum in 4-liter suc-
tion flasks.
The constant-rate filtration apparatus was filled with deionized, deaerated
water, and 5 grams of pulp were added to the storage tank to provide an initial
consistency of approximately 0.0025%. The pump was then started with the water
recycled back to the storage tank, and the flow rate was adjusted to 4 gallons
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per minute. The superficial linear velocity approaching the septum was approxi-
mately 2 cm./sec. at this flow rate. An additional 2.5 grams of pulp were added
to the storage tank every ten minutes until the desired total mass of fiber had
been added. From preliminary experiments, it was determined that 2.75 grams of
fiber were deposited in ten minutes from a slurry with an initial consistency of
0.0025%. Thus, while the consistency varied during a run, it was easily control-
led and never exceeded the initial consistency of 0.0025%.
Ten minutes after adding the last portion of pulp, the by-pass valve was
opened allowing the water to be pumped through the rotameter to the sewer. In
this way, the flow rate was maintained constant throughout the entire formation.
When the water level had passed below the septum, the pump was shut off. The
mat was then covered with a sheet of Whatman no. 1 filter paper and the septum
was removed from the forming apparatus.
The thin handsheets were also formed with the constant-rate filtration
apparatus, but a somewhat different procedure was used. After the storage tank
had been filled to the proper level, the quick-closing valve beneath the storage
tank was closed, the air vent was opened, and the water was drained from the
forming tube. Approximately 5 grams of an unrefined, unclassified pulp were
added to the lower section of the forming tube. The forming tube was then re-
filled, and the water in the storage tank was recycled through this pulp pad for
two hours at a flow rate of four gallons per minute to further clarify the water.
The forming tube was then drained, and the pulp pad was removed and discarded.
The unrefined, classified pulp from which the handsheets were to be formed
was weighed out on a triple-beam balance. This pulp (6.25 grams, ovendry) was
added to 2 liters of deionized water and was disintegrated for 150 counts in a
-76-
British disintegrator. The resulting slurry was deaerated under vacuum, then
added to the storage tank. The dilute slurry (approximately 0.0025% consistency)
was kept in suspension by means of the small mixer.
The handsheets were formed by pumping the water through the rotameter to
the sewer at a constant rate of 4 gallons per minute. When the desired basis
weight was attained (as calculated from the consistency and the flow rate), the
quick-closing valve was closed, and the air vent was opened simultaneously. In
this way, the flow rate was maintained constant until the water level had passed
below the septum. The pump was then shut off, and the forming tube was disassem-
bled. The wet handsheet was covered with a single layer of filter paper, and the
septum was removed from the forming apparatus.
The handsheet was couched from the septum (using a technique which will be
described later), the forming tube was reassembled, and the above procedure was
repeated. Three handsheets with a basis weight of 100 g./sq.m. could be formed
in this manner from each tank of slurry.
Early in the experimental program, it was found that special procedures
were necessary for couching the thick mats. When pressure was applied to the
thick mats (which were essentially saturated with water), a lateral expansion
of the mat occurred. This resulted in a significant and uncontrollable change
in the porous structure of the mat. As a result, it was necessary to couch the
mat in such a way that the water was forced from the structure while the mat was
restrained from expanding laterally. The apparatus shown in Fig. 8 was designed
and built to satisfy these requirements.
A 2-inch section was cut off the lower-(5-inch diameter) forming tube of







and was surrounded by a bronze supporting sleeve, 1/8-inch thick. The Lucite
tube and bronze sleeve were held to the septum by four machine screws through
a clamping collar.
A brass piston with a dynamic 0-ring seal was fitted inside the Lucite
sleeve. The piston was connected to a flat pressing plate by a short brass rod.
A supporting ring was placed beneath the septum. Four 1/4-inch slots were
machined into the supporting ring to allow the water to escape from beneath the
septum.
After forming a thick mat, the septum and bronze sleeve were removed from
the constant-rate filtration apparatus and placed over the supporting ring.
Three layers of standard blotter stock (cut to a 5-inch diameter) were placed
over the thick mat and the filter paper. The piston assembly was then inserted
inside the Lucite sleeve, and the entire couching apparatus was placed in a
Williams press. The pressure was raised slowly to 10 p.s.i.* and allowed to
remain there for one minute. The couching apparatus was then removed from the
press, and the thick mat was removed for wet pressing.
A sheet of Whatman no. 1 filter paper and eight blotters were placed on
either side of the mat, which was then centered, "wire side" down, on a British
sheet press. The pressure applied to the mat was raised to the desired level
in 60 seconds. After five minutes, the mat was removed from the press. A second
press of 15 minutes, with five dry blotters on either side of the mat, concluded
the pressing cycle. The mat was turned "felt side" down for the final press.
*This pressure was corrected for the pressure required to overcome the friction
between the piston assembly and the Lucite sleeve.
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When the wet-pressing cycle was completed, the mat was transferred to a humidity
room maintained at 50% relative humidity and 73°F. where it was allowed to equil-
ibrate with the atmosphere.
The handsheets prepared in this study were couched in the same manner as
the thick mats except that the O-ring seal between the piston assembly and the
Lucite tube was not used. The couched handsheets were removed from the couching
apparatus and placed on a filter paper. The handsheets were then labeled and
placed "wire side" down on three standard blotters. Thus, a stack was formed
consisting of three blotters, a filter paper, a handsheet, a filter paper, three
blotters, etc.
The handsheets were wet pressed at the desired level in a British sheet
press for five minutes. The wet blotters were then replaced with dry blotters,
and the handsheets were subjected to a second press for 15 minutes. Again, the
handsheets were turned "felt side" down for the second press. The handsheets
were then transferred to the humidity room and were allowed to equilibrate with
the atmosphere.
In order to insure the reproducibility of the drying conditions and prevent
"curling" of the samples, the apparatus shown in Fig. 9 was designed and con-
structed. With this apparatus, which was constructed entirely of brass, it was
possible to condition the samples under a constant load corresponding to 0.1
p.s.i. (based on a 5-inch diameter sample).
The baseplate (A) of the apparatus contained three leveling screws (B) and
a spirit level (C). The lower septum (D) was a brass plate, 6-3/4 inches in




centers to provide 58.3% open area. A 28-mesh screen was soldered on the top of
the lower septum, and the septum was machined to fit into the baseplate (A).
The upper septum (E) had the same dimensions as the lower septum and was
tapped in the center to receive a 1/2-inch diameter brass rod. The upper septum
was also drilled with 1/4-inch holes on 5/16-inch centers to provide 57.3% open
area. A 28-mesh brass screen was soldered to the underside of the upper septum.
The upper septum was free to travel in the vertical direction and was held
in position by a ball bushing (F). The ball bushing was mounted in a housing
(G) which was, in turn, press fitted into the cross member. The entire top
assembly was held in position by two3/4-inch diameter brass rods (H). The ball
bushing (F) was designed to provide an antifriction bearing for linear motion
in much the same manner as a ball bearing does for rotary motion. In addition,
the ball bushing provided a rigid support for the upper septum to insure that
the upper and lower septa were parallel.
The load applied to the samples could be varied by placing weights on the
collar (I) as shown in Fig. 9. A load which corresponded to a compacting pres-
sure of 0.1 p.s.i. was used throughout this study. In conditioning a sample,
air was gently circulated around the drying apparatus by a small electric fan
in a humidity room maintained at 50% relative humidity and 73°F. Preliminary
tests indicated that 48 hours were required for the thick mats to reach constant
weight while the handsheets reached equilibrium with the humidity room within 24
hours.
After the mats had equilibrated with the air in the humidity room, they were
nailed to a block of wood and further dried for 24 hours in a vacuum desiccator
over calcium chloride. Three test specimens, 2.01 inches in diameter, were then
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cut from each mat using a special cutter on a drill press. The specimens were
positioned so that at no time did the edges of the test specimens come closer
than within 1/4 inch of the edges of the mats. In this way, any edge effects
in forming the mats were avoided by drilling the specimens from the center por-
tion of the mats. The individual test specimens were returned to the desiccator
where they were stored to await future testing.
AIR PERMEABILITY STUDIES ON THICK MATS
As mentioned earlier, one of the objectives of the mat permeability studies
was to determine the hydrodynamic specific volume of the fibers as a function of
the apparent density of the mats. In order to calculate the apparent density of
the mats, it was necessary to know the initial thickness of the specimens. In
this study, "initial conditions" were arbitrarily selected as the "dry" state
(moisture content of less than 2% above oven dry) and under a load of 0.1 p.s.i.-
the load under which the samples were conditioned.
The mat specimens were removed from the desiccator and were transferred to
the mat permeability cell (to be described later) where they were conditioned,
uncompressed, with dry nitrogen for several hours. The specimen was then quickly
removed from the permeability cell and transferred to a polyethylene bag.
In order to determine the initial specimen thickness, a compressibility
test was run on each specimen using an Instron tester. A 5-pound weight, 4
inches in diameter, was suspended from the strain cell and a second 4-inch diam-
eter platen was secured to the crosshead of the Instron tester. The initial
separation of the two surfaces was set with an accurately machined steel gage
block. Because a slight curling at the edges of the test specimen was produced
by drilling the specimens from the mat, gage blocks of 1.615-inch diameter (the
diameter of the permeability test area) were placed above and below the test
specimens.
The assembly, consisting of the bottom gage block, the test specimen in
a polyethylene bag, and the top gage block, was then carefully centered on the
bottom platen. The crosshead of the Instron tester was then slowly moved up
until contact was made between the top gage block and the weight. A crosshead
speed of 0.02 inch per minute and a chart speed of 20 inches per minute were
used so that 1 inch on the chart trace corresponded to 0.001 inch on the specimen.
The specimen was compressed to a total load of four to five pounds, and
several points of load-thickness data were selected from the resulting chart
trace. The loads were corrected for the mass of the top gage block, and thick-
ness data were corrected for the thickness of the polyethylene bag and the strain
error in the Instron tester. The corrected data were converted to compacting
pressures in p.s.i. and thickness in centimeters. These data were then fitted
to the empirical equation, L = AP-, where L is the specimen thickness, P is the
compacting pressure, and A and B are constants. An IBM 1620 computer was used
for these computations, and the best fit to the above equation was determined by
least squares analysis of the data. This equation was then used to calculate
the thickness of the specimen at a load of 0.1 p.s.i. The correlation was quite
good in most cases with a correlation coefficient of over 99%, and it was esti-
mated that the calculated initial thicknesses were accurate to within + 0.001
inch. After completing the compressibility test, the specimen was returned to
the mat permeability cell, where it was further conditioned with dry nitrogen
before being subjected to permeability tests.
Several considerations were thought to be important in the design of the
air permeability apparatus used in this study. These included:
1. The apparatus should be designed to allow the experimental determination
of the permeability of thick mats as a function of compacting load, the permea-
bility of thin handsheets, and the pore size distribution of thin handsheets using
the gas-drive method.
2. The permeability tests should be conducted at high pressures to avoid the
complications of slip and diffusional flow (5, 17).
3. In order to maintain laminar flow in the permeability tests, it was
anticipated that relatively low flow rates should be employed. Consequently, the
permeability apparatus should be designed to measure relatively small pressure
drops.
4. Provisions should be made to insure that the same area of the test
specimens was measured in both the permeability and gas-drive tests on thin
handsheets.
The apparatus shown schematically in Fig. 10 was designed and built to
satisfy the above requirements. This equipment is a modification of that used
by Sanborn (25) and McDonald (26). Water-pumped nitrogen was bled through a
two-stage pressure regulator (PR1) and a shutoff valve (V1) into two drying
columns connected in series. The drying columns were constructed from 3-inch
diameter steel pipes and were filled with refrigeration-grade silica gel. After
flowing through the drying columns, the nitrogen passed through a Norgren 30-AE
filter trap (F) where any fine particles, which might affect the operation of
the needle valves, were removed. A Hoke model 4RB281 micrometer needle valve
(MV1) was used to regulate the flow rate to the gas-drive cell and was left open
during the permeability tests. A second pressure regulator (PR2) was used to
adjust the pressure in the permeability cells and was left in an open position
for the gas-drive tests. The nitrogen then passed through a temperature-sensing
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cell (TSC) which contained a system of hygrometers (not used in this study) and
a thermister for measuring the gas temperature. The thermister was connected to
the terminals of an Aminco no. 15-3000 electric hygrometer unit.*
From the temperature-sensing cell, the gas flowed into a three-way diaphragm
valve (TW1) where it was directed either to the gas-drive cell or to the permea-
bility cells. A second three-way diaphragm valve (TW2) was used to direct the
flow of nitrogen into either the handsheet permeability cell or the mat permea-
bility cell.
The permeability cells and the gas-drive cell will be described later in
detail. Manometer Ml was filled with octoil-s containing a small amount of brown
dye and was used to measure the pressure drop across either the mat or handsheet
permeability cell. For the latter case, this manometer was mounted in a slanted
position. A large test gage was attached to one side of manometer Ml and was
used to measure the pressure in the permeability cells. Both the mat and hand-
sheet permeability cells used in this study employed the guard ring principle
described by Carson (51). Manometer M2, which was also filled with octoil-s, was
used to balance the pressure between the test area and the guard-ring area in
either the mat or handsheet permeability cell. Two three-way valves (TW4 and
TW5) were used to connect manometers Ml and M2 to either the mat or handsheet
permeability cell. Two Hoke needle valves (NV1 and NV2) were provided as by-
passes around the mat and handsheet permeability cells, respectively. These
valves were opened when raising or lowering the pressure in the permeability
cells to prevent blowing the fluid from the manometers.
*Manufactured by American Instrument Co.,.Silver Springs, Md.
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A Hoke model 4RB281 micrometer needle valve (MV2) was connected through a
three-way valve (TW3) to the guard-ring area of either the mat or handsheet per-
meability cell. This valve was used to bleed gas from the guard ring in order
to balance the pressure between the guard-ring area and the test area.
Two diaphragm valves (DV1 and DV2) were inserted in the downstream pressure
tap lines from the mat and handsheet permeability cells. When a mat permeability
test was being conducted, DV1 was opened and DV2 was shut off. The opposite was
true for the handsheet permeability tests.
The gas outlet lines from the permeability cells were connected through a
three-way valve (TW6) to a Hoke model 4RB281 micrometer needle valve (MV3) which
was used to control the flow rate from these cells. The gas was then passed
through a series of finned-tube heat exchangers to insure that the gas was in
thermal equilibrium with the surroundings. The gas flow rate was measured on one
of four Fisher-Porter triflat rotameters mounted in parallel. These rotameters
were calibrated against a wet-test meter and were found to have the following
approximate ranges at 760 mm. Hg and 73°F.:
Rotameter Range, cc./sec.
R1 0.2 to 3.2
R2 2.5 to 26.4
R3 5.3 to 120
R4 100 to 535
The entire permeability apparatus was located in a humidity room in which
the temperature and relative humidity were controlled at 73°F. and 50%, respec-
tively. The flow lines leading from the heat exchangers to the rotameter complex
were black rubber tubing. All other connections on the permeability apparatus
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were made with 1/4-inch copper tubing, and the entire apparatus (excepting the
gas-drive cell) was designed to withstand pressures up to 200 p.s.i.
A diagram of the mat permeability cell used in this study is shown in Fig.
11. This cell is a modification of that used by McDonald (26) and employs the
guard ring principle described by Carson (51) to minimize the complications due
to edge effects. The mat permeability cell was constructed primarily of brass
and consisted of three main parts: the upper assembly, the lower assembly, and
the piston assembly.
The upper assembly was composed of the top cell plate (A), the septum (B),
and the upper guard ring (C). The top cell plate (A) was fastened to the drilled
septum (B) by six 1/4-inch brass bolts and was sealed by a rubber O-ring (OR-l).
Also attached to the top cell plate was the upper guard ring (C), which was like-
wise sealed by rubber 0-rings (OR-2) to the top cell plate (A) and to the septum
(B). The upper guard ring divided the space above the septum into an inner
space (the test area) and an outer annulus (the guard ring).
A piece of porous sintered metal* approximately 1/4 inch thick by 1.600
inches in diameter was recessed into the bottom face of the septum (B) to cover
the test area. A ring of the same material, 1.630 in. by 2.160 in. by approxi-
mately 1/4 in. thick, was recessed into the bottom of the septum (B) to cover
the guard-ring area of the cell. A thin brass ring, which was 1.600 inches in-
side diameter by l.630 inches outside diameter, was allowed to protrude about
0.015 in. below the bottom surface of the sintered metal. This lower guard ring
(D) served to define the area of the test specimen.
*Type 304 porous stainless steel, grade "C", manufactured by Micrometalics
Division of The Pall Corporation, Glen Cove, N. Y.
(2)
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Four 1/8-in. pipe taps were located in the top cell plate (A). Two of these
taps were positioned in the test area and served as a gas outlet and a downstream
pressure tap. The remaining two pipe taps were located in the guard-ring area and
served as a guard-ring bleed and a guard-ring pressure tap.
The upper assembly was machined to fit into the top of the lower assembly
to insure a close alignment of the septum and the permeable piston. The two
assemblies were held together by six 1/4-in. steel bolts and were sealed by a
rubber O-ring (OR-1). The upper and lower assemblies could be separated by re-
moving these bolts to insert or remove a test specimen.
The lower assembly consisted of the cell chamber (E), the bottom cell plate
(F), and the sealing gland (G). The cell chamber (E) was held to the bottom cell
plate (F) by six machine screws and was sealed by a rubber O-ring (OR-3). The
sealing gland (G) was screwed into the base of the bottom cell plate and compressed
a rubber 0-ring (OR-4) to provide a dynamic seal between the bottom cell plate and
the piston rod. Two 1/8 -in. pipe taps were located in the bottom flange of the
cell chamber (E) to provide an inlet to the cell and an upstream pressure tap.
The piston assembly consisted of the permeable piston (H ), the piston
connector (I), and the piston rod (J). The permeable piston was a drilled septum
with a piece of porous sintered metal approximately 1/4 in. thick by 2.010 in. in
diameter set into its top surface. The permeable piston was machined to an out-
side diameter of 2.010 in. and fitted closely inside the cell chamber, which was
2.015 in. inside diameter. The piston connector (I) was tapped to receive the
stainless steel piston rod (J) and was held to the permeable piston by four
machine screws.
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The mat permeability cell was mounted on a supporting frame, as shown in
Fig. 12. The stand (A) was constructed of 2-in. angle iron and was bolted to
the bottom support plate (B). The top support plate (C) and the bottom support
plate (B) were connected by two 1-1/2-in. diameter steel rods (D) which were
threaded on both ends. The tops of the supporting rods (D) shouldered on the
top support plate, which was held in place by two large nuts. A support spacer
plate (E) was clamped to the supporting rods between the top and bottom support
plates and acted as a support for the lower assembly of the mat permeability cell
when the upper assembly was removed to insert a test specimen.
A hydraulic cylinder holder (F) was fastened beneath the lower support
plate to hold and position a 4-ton hydraulic jack (G). The hydraulic jack was
used to compress the test specimen. A supporting nut (H) was screwed onto the
lower end of the piston rod. After the specimen was compressed, this nut was
tightened against the hydraulic cylinder holder (F) to provide a positive stop
of any downward motion of the piston rod.
The thickness of the test specimen was measured by means of a dial caliper
attached to the bottom of the mat permeability cell. The foot of this caliper
rested on an arm which was clamped to the piston rod as shown in Fig. 12. It
was estimated that the mat thicknesses determined with this arrangement were
accurate to within a few thousandths of an inch.
The entire permeability cell was designed to withstand an internal pressure
of 250 p.s.i. The cell and the supporting stand would withstand mechanical loads




After completing the compressibility test for initial mat thickness, the
specimens were returned to the permeability cell where they were further condi-
tioned with dry nitrogen. The following experimental technique was then used
to characterize the permeability properties of the specimens.
1. The pressure in the permeability cell was adjusted to 100 p.s.i. and
the specimen was compressed to the initial compacting pressure by means of the
hydraulic jack. Six levels of compacting pressure from approximately 200 to
1500 p.s.i. (based on piston area) were used on each specimen.
2. Four flow rate-pressure drop readings were taken at each level of
compaction. At each reading, the pressure between the test area and the guard
ring was balanced by means of the guard-ring bleed valve to within + 0.5 mm.
of octoil-s (density 0.911 g./cc.). The pressure drop across the specimen was
measured within + 0.5 mm. of octoil-s on a U-tube manometer, and the flow rate
was measured on one of four calibrated rotameters.
3. The dial caliper reading, the gage reading on the hydraulic jack, and
the thermister reading (a measure of the temperature of the gas entering the
permeability cell) were also measured at each level of compaction. The specimen
thickness was determined as the difference between the dial caliper reading and
the zero caliper at that compacting pressure. The zero caliper readings were
obtained from a curve of zero caliper versus compacting pressure. This calibra-
tion curve was established by inserting a carefully machined gage block in the
permeability cell and noting the dial caliper readings for several compacting loads.
4. When sufficient flow rate-pressure drop data had been obtained, the
specimen was quickly transferred to a weighing bottle where the conditioned
weight was determined. The specimen was then oven dried overnight at 105°C.,
and the moisture content was calculated. In general, the moisture content of
the specimens varied between 0.5 and 1.25% above oven dry.
5. Finally, the thickness and flow rate-pressure drop data were used to
calculate the specimen permeability coefficients as a function of compacting
pressure. These data were then plotted according to Equation (19) in order to
obtain an estimate of the hydrodynamic specific surface area and the fiber hydro-
dynamic specific volume of each specimen. These calculations were all carried
out on an IBM 1620 computer, and the best fit of the data to straight lines was
obtained by the method of least squares.
AIR PERMEABILITY STUDIES ON HANDSHEETS
One of the objectives of this thesis was to measure the permeability proper-
ties of carefully prepared handsheets. The air permeability data were used in
two ways. First, they were used to determine the effect of basis weight and wet
pressure on the permeability characteristics of paper; second, they were used
together with pore size distribution data to estimate the hydrodynamic specific
surface area from the modified hydraulic radius theory developed earlier.
In order to calculate the permeability coefficients, the porosities, and
the apparent densities of the thin handsheets tested in this study, it was neces-
sary to have a reliable measure of the average sheet thickness. As pointed out
by Brown (16), this average thickness is not an easily defined property. In the
case of permeability calculations, the proper average thickness is the harmonic
mean rather than the arithmetic average-disregarding any point-to-point variations
in the permeability coefficients. If the thickness varies widely from point to
point on the specimen, the harmonic mean can be considerably smaller than the
arithmetic mean thickness. However, for fairly uniform specimens, the two aver-
ages should not differ greatly.
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Brown (16) has investigated several methods for determining the thickness
of thin sheets of paper. Among the methods investigated were: a TAPPI standard
method employing a small micrometer, the Federal compressibility gage, a mercury
displacement method, and a mercury capacitance method. For the first two methods,
it was found that it was necessary to extrapolate the data for various compacting
pressures to zero load to determine the "free" thickness of the test specimen.
These extrapolations proved to be open to question in most cases. Brown con-
cluded that the mercury capacitance method was the most satisfactory, and this
method was selected for use in this study. As Brown (16) pointed out, "The
method is theoretically sound and quite reproducible, particularly for the thin-
ner samples."
The mercury condenser constructed for use in this study is shown in the
photographs of Fig. 13 and 14. Figure 13 shows only the lower portion of the
cell, while Fig. 14 shows the assembled cell with a specimen in place.
A 500-ml. cork-type bottle was sawed in half 1-1/4 inches above the base,
taking care that the cut was made parallel to the base. The two surfaces were
then ground smooth with a fine carborundum powder in light mineral oil. A 1/2-
inch hole was drilled into the bottom section of the bottle to accept the lower
electrode (A) and a 1/4-inch hole (B) was drilled in the upper section of the
bottle to allow mercury to be admitted to the cell. The bottom section of the
bottle was fitted between positioning pins (C) in a brass base plate (D). The
base plate was leveled with three screws (E), and a small spirit level (F) was
used to indicate when the base plate had been properly leveled.
Two 3/16-in. rods (G) were also mounted in the base plate to position the
test specimen. These rods were placed so as to correspond to those on the gas-
drive and handsheet permeability cells in order to insure that the same area of
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Mercury Condenser Cell (Open)Figure 13.
-97-
Figure 14. Mercury Condenser Cell (with Specimen in Place)
I
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the specimen was tested in all three tests. The effective area of the mercury
condenser was calibrated using a piece of Mylar film and was found to be 46.5
sq. cm.
The lower electrode (A) was machined from magnetic iron and was fitted
through a rubber stopper into a pool of mercury in the bottom of the cell. A
small screw was tapped into the end of this electrode to provide an electrical
connection.
The two centering posts (H) were provided with adjusting screws which served
to position the top of the cell over the bottom section once the test specimen
was in place. By adjusting these two screws and aligning the mold lines on the
bottle, the position of the two halves of the cell could be accurately aligned.
The upper section of the cell was held in place by a large bronze weight
(I). A recess was machined into the bottom of this weight to fit over the top
of the bottle. The upper electrode (J) was also machined from magnetic iron and
was threaded through the bronze weight with a 1/4-inch-40 tap. Thus, one full
turn of the knurled knob (K) corresponded to a linear movement of 0.025 inch on
the upper electrode. This arrangement allowed the level of mercury above the
test specimen to be carefully controlled. A small screw was tapped into the top
of the upper electrode to provide an electrical connection.
The mercury condenser cell was connected to a General Radio Type 650A imped-
ance bridge by means of shielded conductors. The shielding of all leads and the
lower electrode (A) were grounded. A frequency of 1 kilocycle was used for all
capacitance tests, and a Heathkit oscilloscope was used to indicate the balance
of the impedance bridge.
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The lead capacitance and the internal capacitance of the bridge were measured
and found to be 8 micromicrofarads and 7 micromicrofarads, respectively. Correc-
tions were applied for these capacitances in all tests.
After the handsheets had been conditioned in the humidity room, they were
separated from the filter papers, and two 3/16-in. holes were punched in each
sheet. These holes were placed so as to fit over the specimen-positioning pins
on the mercury condenser, the gas-drive cell, and the handsheet permeability cell.
The handsheets were then transferred to a dry box in which the air was circulated
externally over calcium chloride. In preliminary tests , it was found that a
relative humidity of about 7-9% could be maintained in the dry box.
After drying for 24 hours, the handsheets were weighed individually on an
analytical balance. Each specimen was then subjected to a mercury capacitance
test using a mercury head above the specimen which corresponded to a compacting
pressure of 0.1 p.s.i. As mentioned earlier, this pressure was selected arbi-
trarily as initial conditions and was used in all tests.
When the necessary measurements had been completed, the mercury was drawn
off the specimen by vacuum into a filter flask and the test specimen was trans-
ferred to a desiccator to await further testing. After a few tests, the mercury
became contaminated and it was necessary to clean the mercury periodically by
passing it through a pinhole in a sheet of filter paper.
The method of calculating the sheet thickness from the mercury capacitance
data is described in detail by Brown (16) and need not be repeated here. The
final working equation from which the sheet thickness may be calculated is
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where L is the sheet thickness in cm., A is the area of the mercury condenser in
sq. cm., C' is the measure capacitance in micromicrofarads, 0' is a constant, and
W is the mass of the specimen under the mercury electrodes. Since Equation (79)
involves only measurable quantities, the harmonic mean thickness of the test
specimens were calculated directly from this relationship.
The apparatus used to gather the flow rate-pressure drop data on thin hand-
sheets was the same as that shown diagrammatically in Fig. 10. The different
test cell was used, and manometer Ml was mounted in a slanted position, but the
method of operation was exactly the same as that used on thick mats.
A diagram of the permeability cell used in this study is shown in Fig. 15.
This cell is similar to that used by Bublitz (5) and employs the guard-ring
principle described by Carson (51) to accurately define the test area. The main
body of the cell was constructed of brass and was divided into an upper and lower
section. The upper section (A) was 6 inches in diameter and 2 inches thick. The
test area (B) was 3.000 inches inside diameter and was surrounded by a guard ring
(C). A steel bearing plate (D) 2 inches in diameter by 3/8 inch thick was re-
cessed into the top of the upper section. This plate was used to distribute the
clamping load and prevent damage to the soft brass. Two 1/8-inch pipe taps in
the test area served as a gas inlet and an upstream pressure tap. The gas inlet
was baffled to prevent direct impingement of the gas on the test specimen.
Several small holes were drilled between the test area and the guard-ring area
to insure that the pressure was properly balanced on the upstream side of the
specimen.
The lower section of the cell (E) was 6 inches in diameter and 2-1/2 inches
thick. The test area and guard-ring area had identical dimensions with the
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upper section of the cell. Two 1/8-inch pipe taps in the guard-ring area acted
as a guard-ring pressure tap and a guard-ring bleed outlet. The two 1/8-inch
pipe taps in the test area served as a gas outlet and a downstream pressure tap.
The two sections of the handsheet permeability cell were aligned by two
3/16-in. taper pins (F). These pins were placed so as to correspond to those
on the mercury capacitor cell and the gas-drive cell, and therefore they also
served to position the test specimen. A rubber 0-ring provided a seal between
the guard ring and the atmosphere. The cell was designed to withstand pres-
sures of about 250 p.s.i.
The lower section of the cell was recessed into a 9-inch square by 1/2-
inch thick steel base plate (G). Two 1-inch diameter steel upright rods (H)
were threaded into the base plate, and a 1-in. square clamping bar (J) was
bolted onto the tops of these uprights. A 1/2-in. tempered steel bolt (K) was
tapped into the center of the clamping bar.
To clamp a test specimen in the cell, the two sections were separated,
and the specimen was placed over the taper pins. The upper section was
positioned over the taper pins, and the clamping bar was then securely tightened
against the steel bearing plate to apply pressure to the rubber 0-ring and seal
the cell.
The following procedure was used to gather the necessary flow rate-pressure
drop data on the thin handsheets:
1. A specimen of known thickness was carefully clamped in the handsheet
permeability cell, and the cell pressure was adjusted to 100 p.s.i.
2. After the specimen had been conditioned with dry nitrogen, several-
usually ten-flow rate-pressure drop readings were taken. The pressure drop
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across the cell was measured to within + 0.5 mm. of octoil-s (density 0.911
g./cc.) on a slant-mounted manometer (magnification = 12.7). The flow rate was
measured on one of four calibrated rotameters. The thermister reading (a measure
of the gas temperature) was also recorded for each flow rate.
3. When sufficient data had been collected, the specimen was removed from
the cell and transferred to a desiccator to await further testing.
4. Finally, the flow rate-pressure drop data and the data from the mercury
capacitance tests were used to calculate the permeability of the sheet. These
calculations were carried out on an IBM 1620 computer, and the flow rate-pressure
drop data were fitted to a straight line by the method of least squares.
PORE SIZE DISTRIBUTION STUDIES ON HANDSHEETS
An important objective of this thesis was to evaluate the pore size distribu-
tion properties of carefully prepared handsheets. The data from these tests were
used in two ways. First, they were used to evaluate the effect of pore size
distribution on the permeability properties of paper. Secondly, these data were
used together with the air permeability data to estimate the hydrodynamic specific
surface area using the modified hydraulic radius theory developed earlier.
Although there are several methods for measuring the pore size distribution
of a porous medium, the gas-drive technique was selected for use in this study.
This technique, or a modification of this technique, has been used for a number
of years by soil scientists (9), but it has only recently been applied to paper
(25, 46, 52). The basic principle involved in the gas-drive technique is that
an increase in the pressure drop across a porous medium partially saturated with
a liquid causes more pores to be drained of liquid. By measuring the flow rates
and pressure drops over a sufficiently wide range of pressures, the pore size
distribution may be calculated using the method of analysis described earlier.
The gas-drive method was selected for use in this study for several reasons:
1. Even the smallest pores can be detected at reasonably low pressures,
and therefore anomalies due to compression of the test specimen are minimized.
2. Since the gas-drive method is a dynamic (energy dissipative) method,
the pore size distribution determined by this test is probably closely related
to the pore sizes which are effective in offering resistance to fluid flow.
3. It is relatively easy to obtain a closed distribution curve using the
gas-drive technique.
As pointed out earlier, any number of liquids may be used in the gas-drive
test. It has recently been demonstrated experimentally by Pouradier and Chateau
(52) that the pore size measured by the gas-drive technique is independent of
the liquid used provided that the liquid does not swell cellulose. Following
Sanborn (25), normal hexyl alcohol was used in this study for the following
reasons:
1. Hexyl alcohol has a relatively low surface tension so that the smaller
pores may be penetrated at relatively low pressures, thereby minimizing the
anomalies due to the compression of the test specimen.
2. Hexyl alcohol has a low vapor pressure so that the temperature of the
liquid-and hence its surface tension-does not change appreciably during a test.
The apparatus used to collect the flow rate-pressure drop data in this
study is shown diagrammatically in Fig. 10. A special gas-drive cell was used,
and manometers M3 and M4 were used to measure the pressure drop across the
specimen and the back pressure on the cell, respectively. In conducting a gas-
drive test, valve V2 and pressure regulator PR2 were opened and micrometer
needle valve MV3 was closed. The flow rate to the gas-drive cell was then con-
trolled by means of micrometer needle valve MV1.
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Photographs of the gas-drive cell used in this study are shown in Fig. 16
and 17. The cell was constructed primarily of brass and was mounted on a steel
column. The upper cell plate (A) was attached to the 2-1/2-inch diameter steel
column (B) while the lower cell plate (C) was attached to the ram of an air
cylinder (D).
The lower cell plate was 5-3/4 inches in diameter and 1-1/2 inches thick
at the top. The connecting rod was 1 inch in diameter and 2-1/2 inches long.
The lower cell plate and the connecting rod were machined from a solid piece of
brass. A carefully machined "land area" (E - see Fig. 17) on the top of the
lower cell plate served as a bearing surface for the upper cell plate. A liquid
reservoir 2-3/4 inches in diameter by about 1/4 inch deep was machined into the
top of the lower cell plate, and this was tapered to meet a 3/8-inch diameter
drain. The latter hole extended down into the connecting rod where it was
connected with a 1/8-inch pipe tap. This arrangement allowed the liquid to be
drawn from the cell through the liquid drain line (F) after the test was com-
pleted. Two 1/8-inch pipe taps were drilled into the tapered portion of the
liquid reservoir. These served as a downstream pressure tap (G) and a gas in-
let (H). A countersink in the bottom of the connecting rod was fitted over a
1/2-inch diameter steel ball in the "wobble" coupler.
The "wobble" coupler (I) was 2-1/2 inches long and was also machined from
brass. The outside diameter of the coupler was 2 inches at the top and 1-1/2
inches at the bottom. A 1/2-inch hole was drilled into the bottom of the coupler
to accept the shaft of the air cylinder, and a small Allen screw was used to hold
the coupler in place. A 1-1/4-inch diameter hole was machined into the top of the
coupler to a depth of about 1-1/4 inches. Three set screws (J), positioned 120 °
apart around the top of the coupler, were used to adjust the amount of wobble
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Figure 16. Gas-Drive Cell
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allowed in the connecting rod. The connecting rod from the lower cell plate was
positioned over a 1/2-inch diameter steel ball which was recessed into the "wobble"
coupler. With this arrangement, the lower cell plate was allowed to seek its own
position against the upper cell plate.
The air cylinder (D) was an "Air-Mite" Model AP-7 and was clamped to the
steel column by means of a special bracket. The supply air for the cylinder
was passed through a filter-regulator (K) to a three-way valve (L). One side
of the three-way valve was open to the atmosphere and the other side was led
through a variable-orifice flow controller (M) to the air cylinder. The flow
controller was required to prevent the two cell plates from slamming together.
The air cylinder was equipped with a spring return to retract the ram when the
air pressure was released.
The upper cell plate (A) was 5-3/4 inches in diameter and 1-1/4 inches
thick and was machined from brass. A 1/4-inch half circle 3 inches in diameter
was machined onto the bottom of this plate. Half of this radius was then machined
away by a 3.000-inch diameter hole, 5/16 inch deep. In this way, a quarter-
circle radius (N) was left, and this radius was allowed to bear on the "land
area" of the lower cell plate (see Fig. 17). This clamping arrangement provided
essentially a line clamp in which the test specimen served as its own gasket.
The air pressure to the air cylinder was controlled at 35 p.s.i. during a
gas-drive test. This corresponded to a clamping "pressure" of about 25 pounds
per inch of the line clamp.
The upstream pressure tap (0) was tapped into the upper cell plate just
above the septum. The septum consisted of a 20-mesh stainless steel screen (P)
which was carefully soldered to a thin bronze sleeve. A thin strip of brass
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was soldered across the diameter of the bronze sleeve as a further support for
the screen. This septum was pressed into the 3.000-inch diameter hole in the
bottom of the upper cell plate (see Fig. 17). With the septum in place, the
clearance between the screen and the clamping radius was approximately 1/32 inch.
A Lucite mist column (Q), 2 inches inside diameter by 12 inches long, was
sealed to the top of the upper cell plate by a Teflon O-ring and was held in
place by four brass screws. This mist column provided a space in which liquid
entrained in the exit gas could be eliminated. A gas outlet (R) was located
near the top of the mist column. The top cap of the mist column was held in
place by four small brass bolts and was sealed by a second Teflon O-ring. An
18-inch mercury thermometer (0-50°C.) (S) was inserted through a rubber stopper
in the top cap and was used to measure the temperature of the liquid during a
test.
The upper cell plate (A) was attached to the steel column by means of a
brace (T) and a clamping bracket. The upper cell plate was held to the brace
by six Allen bolts (see Fig. 17).
The two 3/16-inch taper pins (U) in the lower cell plate were allowed to
extend slightly above the "land area" and served to position the test specimen.
These pins were placed in the same position, relative to the test area, as those
on the mercury condenser and the handsheet permeability cell in order to insure
that the same area was tested in all three tests.
Two Meriam U-type manometers were connected to the gas-drive cell, as shown
in Fig. 10. Manometer M3 was filled with tetrabromoethane (density 2.964 g./cc.)
and was used to measure the pressure drop across the cell. Manometer M4 was
filled with octoil-s and was used to measure the back pressure on the cell.
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It was found that at higher flow rates an appreciable back pressure was present,
and all flow rates were corrected for this pressure.
The technique used in carrying out the gas-drive measurements was quite
simple.
1. A specimen of known thickness was clamped in the cell and was conditioned
with dry nitrogen.
2. The nitrogen flow was then shut off, and 100 cc. of technical-grade
hexyl alcohol were introduced through the thermometer opening. The specimen
was then allowed to stand several minutes to insure that the test specimen was
in equilibrium with the hexyl alcohol.
3. The pressure beneath the specimen was increased slowly until the first
bubbles of gas appeared in the liquid. At this point, the flow rate was measured
on one of four calibrated rotameters, and the pressure drop across the cell was
measured on Manometer M3 (see Fig. 10) using a cathetometer. The reading on the
thermister unit, the liquid temperature, and the back pressure on the cell were
also recorded.
4. The pressure beneath the specimen was then increased slightly, and the
above data were again recorded. This procedure was repeated for 25 to 30 flow
rates from 0 to 400 cc./sec.
5. When the gas-drive test was completed, the liquid was drawn off through
the liquid outlet (see Fig. 16). The test specimen was removed from the cell,
and the excess liquid was blotted off. The sheet was then dried overnight at
105°C. The ovendry weight was used to calculate the basis weight and the
moisture content of the sheet.
The data gathered in the gas-drive test were used to calculate the pore size
distribution of the test specimen using Equations (67) and (69). The mean and
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variance of the data were then calculated, and the standard deviation of the
data-a measure of the broadness of the pore size distribution-was computed as
the square root of the variance.
The data were then fitted to a log normal distribution as suggested by Corte
(46). It has been demonstrated by Hatch and Choate (53) that, for a log normal
distribution, a plot of the measured property, e.g., pore size, versus the
cumulative frequency should be linear when plotted on log-probability paper.
Therefore, by plotting the pore size distribution data on a special log-probabil-
ity paper* an estimate of the degree of fit of the data to the log normal distrib-
ution can be obtained.
A more quantitative measure of the degree of fit to a log normal distribu-
tion was obtained by fitting the experimental data to a straight line on a log-
probability plot, using the methods developed by Jentzen (54). The pore size
distribution data were also analyzed for skewness and kurtosis, using the
Student "t" test described by Goulden (55).
An example of the pore size distribution calculated from the gas-drive data
is shown in Fig. 17a. While there is some scatter of the data points, the dis-
tribution has the characteristic shape of a log normal distribution.
Through the use of the statistical tests described above, a great deal of
information concerning the pore size distribution properties of paper was amassed
during this thesis. A complete example of the calculation of the pore size dis-
tribution from the gas-drive data and the application of the above statistical
tests to the data is presented in Appendix I.




WATER PERMEABILITY STUDIES ON SYNTHETIC FIBER BEDS
For reasons to be discussed later, it was considered advisable to study the
effect of fiber shape on the Kozeny factor. Three different fiber shapes were
used in this study. These included: (1) a 15-denier Du Pont nylon which had a
circular cross section, (2) a 10-denier Du Pont orlon which had a "dog-bone"
cross section, and (3) a flattened 15-denier nylon which was approximately
elliptical in cross section. The flattened nylon fibers were prepared by passing
the normal monofilament nylon (1) through the steel rolls of an Altor Model 37A
rolling mill.* In preliminary tests it was found that severe splitting occurred
in passing the filament through the steel rolls. This was overcome by plasticiz-
ing the fibers in boiling water before they were passed through the rolling mill.
The nylon fibers were obtained in the form of continuous filaments and were
cut into the desired fiber length by means of gang razor blade cutters, as
described by Arnold (56). The orlon fibers were obtained in the form of 3/4-
inch staple, and in order to reduce the length of these fibers, the following
procedure was adopted. Five grams of the staple were disintegrated for 150
counts in a British disintegrator and formed into a pad on a large Buchner funnel.
This pad was cut into strips approximately 3/16 inch wide on a guillotine cutter.
The fibers were then redispersed in 2 liters of water for 150 counts. This
procedure was repeated six times. Four batches of 5 grams each were treated in
this manner, and the resulting fibers were blended for 300 counts in a British
disintegrator.
Samples of the three fibers were subjected to fiber length distribution
measurements and photomicrographs of the cross sections of each fiber shape were
*Manufactured by the Altor Manufacturing Co., Brooklyn, N. Y.
prepared by Mr. Jack Hankey of the Institute Microscopy Section. These photo-
micrographs are shown in Fig. 18.
In an effort to establish the effect of fiber shape on the Kozeny factor,
the synthetic fibers shown in Fig. 18 were subjected to permeability tests.
Preliminary tests indicated that the mat air permeability cell previously described
was not suitable for these tests due to the relatively high pressure drop across
the sintered metal septums. As a result, water was selected as the permeating
fluid. In order to cover a wide range of porosity, two different water permea-
bility apparatus were used. For the higher porosities, the apparatus described
by Ingmanson and Whitney (57) was used. The only modification was the installa-
tion of a differential manometer of water/chlorobenzene (effective density = 0.105
g./cc.). The lower porosity tests were conducted on the equipment described by
Ingmanson, et al. (18). A differential manometer of water/carbon tetrachloride
(effective density = 0.585 g./cc.) was installed on this apparatus to measure
the pressure drop across the beds.
The fibers were formed into uniform beds from a dilute aqueous suspension
using a constant-rate filtration procedure. The resulting beds were mechanically
compressed to the desired porosity, and several flow rate-pressure drop readings
were taken at each porosity.
The porosity at each level of compaction was calculated from Equation (16),
where pb is the density of the bed and p is the density of the fibers which
compose the bed. In the case of the nylon fibers, ps was corrected or a 3%
swelling in water (18), while the value of ps for the orlon fibers was taken as

the pycnometric density. Care was taken in these tests that the frictional pres-
sure drop across the bed never exceeded about 2-3% of the compacting load in
order to avoid the effects of a porosity gradient in the bed (18).
The Kozeny factors were calculated from the Kozeny-Carman equation [Equation
(12)], using the surface areas measured from the photomicrographs of Fig. 18.
It is apparent from these photomicrographs that the assumption of point contact
between fibers is not a valid one for the orlon and flattened nylon fibers. As
a result, it was necessary to correct the surface areas of these fibers for the
area of contact between fibers. This was accomplished in the following manner.
The basic requirement for calculating the area of contact between the fibers
of a fibrous bed is a value for the number of fiber-to-fiber contacts in the bed.
An estimate of this number was obtained through the application of an equation
derived by Onogi and Sasaguri (58) for the apparent density of a fibrous bed:
(80)
where b' is the length of the fiber segments between points of contact, p is
the fiber density, and D is fiber diameter. Since the total number of contact
points, N , is equal to the total fiber length divided by the segment length, b',
In Equation (81), W is the mass of fibers in the bed, A is the cross-sectional
area of the fibers, A is the area of the bed, and.L is the bed thickness.
In order to apply Equation (81) to the flattened fibers tested in this study,
it was necessary to introduce the additional assumption that N was not dependent
on fiber shape. It was then possible to assign a meaningful value to the effective
-117-
fiber diameter, D, in Equation (81). This assumption appeared to be quite reason-
able since, even though the number of fibers in a given x-y plane through the bed
would be expected to be less for flattened fibers than for cylindrical fibers,
one would expect a greater number of fibers in the z-direction for a given mat
density. Thus, it seemed logical to suppose that at a given mat density the
number of fiber-to-fiber contacts in the bed would be the same for flattened
fibers as for cylindrical fibers. In view of these considerations, the effective
value of D in Equation (81) was calculated from the cross-sectional area of the
fibers.
The total area of contact in a fibrous bed was estimated by multiplying the
total number of fiber-to-fiber contacts by the average area of each contact. It
is easily shown (59) that for a bed in which the fibers are randomly oriented in
the x-y plane, the average projected area of contact, A , is given by
where U is the average projected width of the fibers. The values of U were
measured on the photomicrographs of Fig. 18.
Combining Equations (81) and (82), it is seen that the total area of contact
in the bed is given by
total area of contact = 8W2 U/( 2 DAfps 2AL) (83)
The total area of the fibers in the bed is represented by
total fiber area = P'W/(p Af) (84)
where P' is the perimeter of the fibers estimated from the photomicrographs.
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*The effective area exposed to flow per unit volume of the fibers, S , may
be calculated by combining Equations (83) and (84). This results in
where W/s represents the total volume of fiber in the bed.
Equation (85) was used to calculate the corrected surface area exposed to
flow for the flattened nylon and orlon fibers, and this value of S was inserted
in the Kozeny-Carman equation to calculate a corrected Kozeny factor for these
beds. For the cylindrical nylon fibers, the assumption of point contact is
valid and the value of S for these fibers was taken directly from measurements
on the photomicrographs. The results of these experiments will be presented
later.
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EXPERIMENTAL DATA AND DISCUSSION OF RESULTS
POROUS PROPERTIES OF THICK MATS
The first step taken in studying the porous structure of paper was to
establish the range of porosity over which the Kozeny-Carman equation could be
expected to apply and to determine the specific volume of the fibers used in
this study as a function of the apparent density of the sheets. These objectives
were achieved by determining the permeability properties of thick mats as a
function of the compacting pressure on the mat.
The data gathered on the thick mats were analyzed using Equation (19),
which was originally proposed by Fowler and Hertel (12),
According to this equation, if the Kozeny-Carman theory applies, a plot of
(KL)1/3 versus L should be linear. The mat permeability data were plotted
according to Equation (19), and the hydrodynamic specific surface area and the
hydrodynamic specific volume were calculated from the slope and intercept,
respectively, of the resulting plot. In calculating the hydrodynamic specific
surface area, the Kozeny factor was assumed to have a value of 5.55 as suggested
by Fowler and Hertel (12).
A typical example of the flow rate-pressure drop data obtained on the thick
mats is presented in Fig. 19. These data are plotted according to Equation (25)
in Fig. 20. The data presented in Fig. 19 and 20 were collected on a specimen
with a basis weight of approximately 2300 g./sq. m. which was couched and wet
pressed at 10 p.s.i. It can be seen from Fig. 19 that the permeability data are







agree quite well with Equation (19). These results are typical of those obtained
in the mat permeability tests. In view of the excellent agreement of the data
with Darcy's law, only the permeability coefficients and specimen thicknesses
will be reported in this thesis. Appendix II contains all of the pertinent air
permeability data collected on the thick mats tested during this study.
A number of preliminary tests were conducted to insure that the mat per-
meability cell was operating properly. In order to determine whether the guard
ring arrangement in the mat permeability cell was functioning correctly, a
number of tests were conducted in which the flow rates through both the guard-
ring area and the test area were measured. If the guard ring was to function
properly, it was necessary that the pressure gradient through the mat be the
same in the test area and in the guard ring. If this condition was met and if
the mat structure was homogeneous, the superficial velocity through the guard-
ring area and the test area should be the same. The results of the preliminary
tests indicated that this condition was met within + 10%. These results led
to the conclusions that (1) the compaction of the mat was uniform across the
specimen surface, and (2) the leakage of the permeating fluid around the edges
of the test specimen was not excessive.
Another way in which the guard ring could produce erroneous results is in
the balance of the pressure between the guard ring and the test area. A series
of tests were conducted in which the guard-ring pressure was purposely unbalanced
to varying degrees. The results of these tests indicated that, within the
accuracy with which these pressures could be controlled, the error in the measured
pressure drop across the specimen was less than 2%.
In order to select a basis weight at which to conduct the mat permeability
tests, three mats were prepared containing 15, 30, and 40 grams of pulp. These
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mats were prepared in the usual manner and were couched and wet pressed at 10
p.s.i., using the procedures described earlier. Three specimens from each of
these mats were then subjected to permeability tests. The results of these
tests are presented in Table VIII.
TABLE VIII
EFFECT OF BASIS WEIGHT ON MAT PERMEABILITY COEFFICIENTS














































































































The variations in permeability coefficients among the test specimens of a
given mat make it difficult to draw any definite conclusions from the data of
Table VIII. However, it does appear that there is no significant difference in
the permeability coefficients of the 30- and 40-gram mats when compared at the
same level of compacting pressure. The anomalous results obtained on the 15-gram
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mat are attributed to errors in measuring the thickness of this thinner mat.
On the basis of the results presented in Table VIII, 2300 g./sq. m. (30 grams
of ovendry pulp in a 5-inch diameter mat) was selected as the basis weight at
which to conduct the mat permeability tests.
Several additional thick mats were formed at a basis weight of approximately
2300 g./sq. m., and these mats were wet pressed at 25, 50, 75, and 100 p.s.i.
Three specimens were cut from each mat, and these were subjected to permeability
tests as previously described. The pertinent permeability properties calculated
from the data collected in these tests are summarized in Table IX. The apparent
densities and initial porosities recorded in Table IX were calculated from the
initial specimen thickness, i.e., the thickness under a load of 0.1 p.s.i.
From the results recorded in Table IX, it is seen that the apparent density
of the mats increased and the initial porosity and hydrodynamic specific volume
decreased as the wet pressure applied to the mat was increased. These results
were expected. However, the increase in the hydrodynamic specific surface area
with increasing wet pressure is contrary to what one would expect. It would be
anticipated that the surface area exposed to flow should decrease as the mat
becomes more dense because of the increased bonding between the fibers in the
structure.
As mentioned above, the results recorded in Table IX indicate a regular
decrease in the hydrodynamic specific volume until, at a wet pressure of about
100 p.s.i., the calculated specific volume is nearly equal to the reciprocal of
the pycnometric density of solid cellulose. These results suggest that a pro-
gressive collapse of the fibers occurs as the wet pressure is increased. This
fiber collapse may also be responsible for the observed increase in the calculated
hydrodynamic specific surface area as the wet pressure applied to the mat is
increased.

In the Kozeny-Carman equation, the resistance to flow is related directly
to the square of the surface area exposed to flow if the Kozeny factor is assumed
to be constant. As the fibers collapse, it is anticipated that the fiber cross
section changes from a more or less circular shape to a flat, elliptical, or
rectangular shape. An array of flat, ribbonlike fibers would probably offer
more resistance to flow at a given porosity than an assemblage of cylinders.
In terms of the Kozeny-Carman theory, these changes would be manifested in a
higher value of the Kozeny factor. Conversely, if the Kozeny factor is assumed
to remain constant as was the case in these studies, the calculated hydrodynamic
surface area would increase as the fibers collapse more and more.
In order to test the validity of these assumptions, the effect of fiber
shape on the Kozeny factor was investigated. The three fiber shapes used in
this study were: (1) a 15-denier nylon which had a cylindrical cross section,
(2) a 10-denier orlon which had a "dog-bone" cross section, and (3) a flattened
15-denier nylon which was approximately elliptical in cross section. The prepara-
tion and characterization of these synthetic fibers has been described earlier.
The pycnometric densities and fiber length data of these fibers are recorded in
Table X. The experimental values of fiber density on the nylon and orlon are in
good agreement with those quoted by the manufacturer (1.14 and 1.16 g./cc.,
respectively). As expected, the fiber length distributions of the nylon fibers
were very narrow, while that of the orlon fibers was quite broad. For purposes
of comparison, the fiber length data obtained on the classified pulp used in this
study is also presented in Table X.
Traces were prepared from the photomicrographs of Fig. 18 at a magnification
of 750 diameters, and these were used to measure the surface areas of the fibers.
The cross-sectional areas of the fibers were measured with a planimeter, and the
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fiber perimeters were measured with a map reader. In addition, the axis ratio
(ratio of maximum to minimum dimension) of the noncylindrical fibers and the
diameter of the cylindrical fibers were recorded. Fifty sections were measured
for each fiber shape. The results of these measurements, together with the
calculated surface areas are summarized in Table XI.
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ABLE X
DENSITIES OF SYNTHETIC FIBERS
Fiber Lengths
Arithmetic Weighted











The data of Table XI may offer a logical, yet deceptively simple, effect
which might influence the surface area of pulp fibers. An examination of the
data on the nylon fibers reveals that while the cross-sectional area of the fiber
did not change upon flattening, the perimeter increased by about 21%. This, of
course, resulted in a corresponding increase in the surface area of the fiber
as it was flattened That the cross-sectional area of the fibers did not change
is also shown by the equivalence of the pycnometric densities for the round and
flattened nylon (see Table X).
These results are quite logical when it is recalled that a circular shape
represents the minimum perimeter-to-area ratio of any geometrical shape. The
magnitude of this effect is easily demonstrated by calculating the perimeter of
an ellipse with unit cross-sectional area and varying axis ratios. The results








SURFACE AREAS OF SYNTHETIC FIBERS
Property
Round Nylon
Cross-sectional area, 10 sq. cm.
Perimeter, 10-2 cm.
















Cross-sectional area, 10-5 sq. cm. 1.742 (0.110)
Perimeter, 10-2 cm. 1.910 (0.087)
Surface area, sq. cm./cc. 1098 (43.7)
Axis ratio 2.91
Orion
Cross-sectional area, 10 5 sq. cm.
Perimeter, 10- cm.
































The results recorded in Table XII indicate that if a circular fiber is
flattened into an elliptical shape with an axis ratio of approximately 9.5,
while maintaining the cross-sectional area of the fiber constant, the surface
area would be doubled. It is doubtful if the increase in surface area demon-
strated in Table XII is of sufficient magnitude to account for the increase in
the hydrodynamic specific surface area found in the permeability studies on
thick mats for a number of reasons:
(1) It is probable that this effect would occur primarily, if not exclus-
ively, in the summerwood fibers since it is generally felt that surface tension
forces alone are sufficient to completely collapse a thin-walled springwood
fiber.
(2) The data presented in Table XII are for a solid cross section, whereas
pulp fibers contain a lumen, and therefore the increase in surface area would be
correspondingly less for pulp fibers.
(3) The cross-sectional area of the pulp fibers did not remain constant
as the wet pressure was increased, as shown by the decrease in the hydrodynamic
specific volume of the pulp fibers.
In spite of these arguments, it is felt that the flattening of wood pulp
fibers could produce an increase in surface area. Furthermore, this effect is
probably of sufficient magnitude that it cannot be ignored altogether. For
example, the data of Table XII indicate that for a solid cross section a change
in the axis ratios from 4.5 to 7.0 results in an increase of about 21% in the
surface area.
In an effort to establish the effect of fiber shape on the Kozeny factor,
the synthetic fibers previously described were subjected to water permeability
tests. The Kozeny factors were calculated from the Kozeny-Carman equation,
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using the porosities calculated from Equation (16) and the surface-weighted average
surface areas from Table XI. The surface areas of the flattened nylon and the
orlon fibers were corrected for area in contact as described earlier. The re-
sults obtained for the round nylon, the flattened nylon, and the orlon fibers
are presented in Tables XIII, XIV, and XV, respectively. These results are also
plotted as a function of porosity in Fig. 21. For purposes of comparison, the
empirical correlation of Ingmanson, et al. (18) [Equation (20)] for cylindrical
fibers is also plotted in Fig. 21.
It can be seen from Fig. 21 that the data for the round nylon fibers fit
the empirical correlation of Ingmanson, et al. (18) quite well. However, the
data for the flattened nylon and the orlon fibers do not follow this relation-
ship. For these fibers the corrected values of the Kozeny factor are significantly
higher than those for cylindrical fibers, particularly at the lower porosities.
Furthermore, the corrected Kozeny factors are higher for the orlon fibers than
for the flattened nylon fibers at a given porosity. Since the orlon fibers had
a higher axis ratio (i.e., they were flatter) than the flattened nylon fibers,
these results are in qualitative agreement with the hypothesis proposed to ex-
plain the increase in calculated surface area found in the studies of thick mats
of wood pulp fibers.
While the results recorded in Tables XIV and XV must be considered only
approximate because of the assumptions made in correcting for the area of contact
between fibers, the data obtained are not at all unreasonable. For example,
several data reported in the literature (60, 61) for the relative bonded area
of classified wood pulp fibers compare quite favorably with the percentage of
area in contact calculated for the flattened nylon and the orlon fibers investi-














sufficiently reliable to show that there is a definite effect of fiber shape on
the Kozeny factor. The data of Wyllie and Gregory (11) recorded in Table II
would also support this conclusion.
From the permeability studies on thick mats, it must be concluded that the
Kozeny-Carman equation does apply 'to these structures over a porosity range from
about 0.77 to 0.46.* This conclusion is based on the fact that the permeability
data could be fitted to Equation (19) with a high degree of correlation. However,
this method of analyzing the permeability data says nothing about the value of
the Kozeny factor. From the water permeability tests on synthetic fibers, it
is apparent that while a value of Kozeny factor of 5.55 may be realistic for
flow through a bed of cylindrical fibers in the porosity range from 0.6 to 0.8,
a much higher value is applicable to dried cellulose fibers.
In reality, the surface area exposed to flow in the thick mats tested is
probably influenced by at least three effects:
(1) The actual exposed surface area is decreased by increased bonding
as the mat is wet pressed at higher pressures,
;(2) The actual surface area may be increased by a progressive collapse
of the fibers as found in the tests on flattened nylon fibers, and
(3) The calculated surface area computed from a Kozeny-type equation is
increased by some unknown amount because of the effect of fiber shape
on the Kozeny factor.
It has not been possible in the present study to separate the contributions
of the effects listed above, and the hydrodynamic specific surface areas reported
in Table IX must be considered to be, at best, only a rough estimate of the actual
*The initial porosity of the mats wet pressed at 10 p.s.i. was approximately
0.77, while the lowest porosity reached during the compaction of the mats
in the permeability tests was about 0.46.
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area exposed to flow in the thick mats. However, the values of the hydrodynamic
specific volume computed from Equation (19) are not dependent on the value
selected for the Kozeny factor and, in view of the excellent agreement between
the data and Equation (19), these results are considered to be quite reliable.
POROUS PROPERTIES OF HANDSHEETS
One of the objectives of this thesis was to measure the permeability
characteristics and the pore size distribution on carefully prepared handsheets.
The details of the experimental techniques used in this study have been presented
earlier. A number of preliminary experiments were conducted in order to test the
experimental methods used in this study. It will be recalled that a mercury head
of 0.204 inch (compacting pressure of O.1 p.s.i.) was arbitrarily selected as the
conditions for measuring the handsheet thickness by the mercury capacitance
method. Since it is well known that paper is a compressible material, it seemed
advisable to determine the effect of the mercury head above the sheet on the
calculated sheet thickness.
A handsheet (basis weight = 97 g./sq. m.) was formed and dried in the usual
manner, and the sheet was placed in the mercury condenser (see Fig. 13 and 14).
The capacitance of the condenser was then measured at several levels of mercury
head above the test specimen. The results of these tests are recorded in Table
XVI.
The data of Table XVI were fitted to an empirical equation of the form:
thickness = A(head) . The calculated exponent was -0.034, indicating only a
slight dependence of sheet thickness on compacting pressure in the range of com-
pacting pressures investigated. Examination of the data recorded in Table XVI
indicated that doubling the mercury head (from 0.2 to 0.4 inch) decreased the
-138-
calculated sheet thickness by only 2%. These considerations and the data of
Table XVI seemed to justify the use of an arbitrary mercury head of 0.204 inch




































One of the basic assumptions which must be made in the use of the gas-drive
technique for measuring pore size distribution is that only laminar flow is
occurring during the test. The following experiments were conducted to check
this assumption.
A relatively thick handsheet (basis weight = 142 g./sq. m.) was formed and
dried in the usual manner. After the sheet thickness had been determined, the
test specimen was clamped in the handsheet permeability cell. A normal hand-
sheet permeability test was then conducted with the cell pressure maintained at
100 p.s.i. The sheet was then removed from the permeability test and was clamped
in the gas-drive test cell, where a permeability test was conducted on the same
area of the specimen. No hexyl alcohol was applied to the sheet for this test.
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By using a thicker specimen and measuring the pressure drop across the
gas-drive cell with a cathetometer, reasonable accuracy was achieved. The flow
rate-pressure drop data obtained in these tests, together with the permeability
coefficients from Darcy's law (K), are recorded in Table XVII.
TABLE
CHECK FOR LAMINAR FLOW
Permeability Cell












K = 1.361 x 10 sq. cm.
XVII
IN THE GAS-DRIVE TEST
Gas-Drive Cell












K = 1.392 x 10 sq. cm.
Since the above data plot as straight lines with quite high correlation
2.3%, it may be concluded that laminar flow occurred in both tests.
Another, though perhaps less desirable, method for testing for laminar
flow is found by calculating a Reynolds number for flow through the sheet.
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Collins (62) has suggested the following equation for the Reynolds number of
porous materials,
In the above equation, Re is the Reynolds number of a porous medium of area A,
porosity e, and permeability coefficient K. The flow rate, Q, density, p, and
viscosity, n, all refer to the permeating fluid. A Reynolds number was calcu-
lated from Equation (86) using the following data, which were obtained on the
specimen used in the previous tests:
Q = 400 cc./sec.
p = 1.25 x 10-3 g./cc.
= 1.763 x 10 4 poises
A = 45.6 sq. cm.
e = 0.762
K = 1.361 x 10 sq. cm.
-2
The calculated Reynolds number was 1.09 x 10 , and is well below the
critical value of 1.0 (62). Since the flow rate used in the above calculation
represents the maximum used in the gas-drive tests, it must again be concluded
that the flow in the gas-drive test was laminar as required.
To calculate the pore size distribution from gas-drive data, it is neces-
sary to know the surface tension of the wetting liquid used in the test. Since
such data are not available in the literature for hexyl alcohol, the surface
tension and density of technical-grade n-hexyl alcohol was determined as a
function of temperature from 20-to 25°C. The surface tension was determined by
the method of capillary rise, using two capillaries of unequal size as suggested
by Glasstone (63). By using two capillaries in the liquid instead of just one,
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the problems of measuring the liquid height in a large container is avoided,
thereby improving the accuracy of the measurements. The heights of rise were
carefully measured with a cathetometer and the densities were determined pycno-
metrically. The capillaries were calibrated with water which was prepared by
distillation from an alkaline permanganate solution in a closed system to
eliminate contamination by surface-active agents. The measurements were carried
out with the hexyl alcohol contained in a large test tube which was suspended in
a constant-temperature water bath. The temperature of the water bath was con-
trolled within + 0.02°C. by means of a mercury switch-electronic relay system.
All tests were conducted in triplicate, and the results are summarized in Table
XVIII.
TABLE XVIII
SURFACE TENSION AND DENSITY OF n-HEXYL ALCOHOL








Since the surface tension values recorded in Table XVIII are somewhat
higher than those reported by Sanborn (25), it was considered advisable to
check the method used against known data. Accurate data are available in the
literature (64) for benzene, and this liquid was chosen to check the experi-
mental techniques. The data obtained on purified benzene corresponded to a
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surface tension of 28.95 dynes/cm. and a pycnometric density of 0.878 g./cc.
at a temperature of 20°C. The surface tension of benzene quoted in the litera-
ture (64) is 29.02 + 0.03 dynes/cm. The lower surface tension found experi-
mentally may be due,' in part, to difficulties encountered in obtaining an
accurate density because of the rapid evaporation of the benzene. If the liter-
ature value was taken for the density of benzene, the calculated surface tension
of benzene was 29.00 dynes/cm. In any event, the experimental values compare
quite favorably with the literature values and it was concluded that the sur-
face tension data on hexyl alcohol are accurate.
The reproducibility of the handsheet permeability and pore size distribu-
tion tests was determined by conducting duplicate tests on a single specimen.
A 100-g./sq. m. handsheet was formed, couched, and wet pressed at 25 p.s.i.
in the usual manner and was subjected to a mercury capacitance test to determine
the sheet thickness. The specimen was then clamped in the permeability cell,
and a normal permeability test was conducted at a cell pressure of 100 p.s.i.
The nitrogen flow was then shut off for a few minutes, and a second series of
flow rate-pressure drop readings were taken without removing the specimen from
the permeability cell. The same general procedure was used in testing the
reproducibility of the gas-drive test. A summary of the calculated results
from these tests is presented in Tables XIX and XX. For purposes of comparison,
the hydrodynamic specific surface areas reported in Table XIX were calculated
using a Kozeny factor of 5.55.
From the results presented in Table XIX, it can be seen that handsheet
permeability tests were reproducible within less than 2%. Also, from the least
squares fit of the data to a straight line, it is apparent that the agreement
of data with Darcy's law was excellent. In view of this agreement, only the
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permeability coefficients and the calculated porous properties of the handsheets
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significant in either case, as shown by the low Student "t" values. In view of
the extreme sensitivity of these moments to a few outlying points, the agreement
with the log normal distribution function is excellent. The high correlation
coefficients obtained in the least squares fit of the gas-drive data to the log
normal distribution also indicate a high degree of correlation.
Property
Based on the Data:
TABLE XX
REPRODUCIBILITY OF GAS-DRIVE TEST
Test 1 Test 2 Difference, %
dimensionless
dimensionless


































The methods used in calculating the parameters of the pore size distribu-
tion from the gas-drive data and the method of fitting the pore size distribu-
tion data to the log normal curve are presented in detail in Appendix I. Be-
cause of the excellent fit of the pore size distribution data to the log normal
distribution, only the properties of the distribution curve will be reported
hereinafter.
The results reported in Tables XIX and XX are typical of those obtained
in this study. For all specimens tested, the pore size distribution data agreed
very well with the log normal distribution and in no case was the skewness or
kurtosis statistically significant. The correlation coefficients from the least
squares fit of data to the log normal distribution varied from 0.991 to 0.999.
In presenting the results obtained in the studies on thin handsheets, it
is convenient to divide the study into two parts. The effect of basis weight
on the permeability and pore size distribution properties of paper will be dis-
cussed first. This will be followed by the results obtained in the study on
the effect of the wet pressure applied to sheets on these properties.
EFFECT OF BASIS WEIGHT ON THE POROUS PROPERTIES OF PAPER
It was not the purpose of this thesis to investigate all of the variables
which might affect the porous properties of paper. However, rather than arbi-
trarily select a basis weight at which to conduct the tests, it was considered
advisable to investigate the effect of basis weight on the permeability and
pore size distribution properties of paper.
A series of handsheets were prepared in the normal manner covering a basis
weight range from about 50 to 175 g./sq. m. These sheets were all couched at a
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pressure of 10 p.s.i. and were wet pressed at a pressure of 25 p.s.i. After the
usual capacitance tests for sheet thickness, the specimens were subjected to per-
meability and gas-drive tests. A number of specimens (usually three) were tested
at each level of basis weight. The results of the permeability tests are recorded
in Table XXI. The values recorded in Table XXI for the hydrodynamic specific
surface area, S , were calculated assuming a value of 5.55 for the Kozeny factor.
The porosities of these sheets were calculated from
e = 1 - vpb (87)
where v is the hydrodynamic specific volume of the fibers and Pb is the apparent
density of the sheet. The specific volume was taken from a plot of v versus
apparent density obtained in the mat permeability tests. This plot is shown in
Fig. 22. The assumption was made that this relationship was also applicable to
the thin handsheets prepared from the same pulp.
From the results presented in Table XXI, it can be seen that there is a
considerable variation between test specimens at a given basis weight, particularly
with respect to the permeability coefficient. Since the handsheet permeability
test was found to be reproducible within less than 2%, it must be concluded that
a real difference in porous structure exists between test specimens. Further
analysis of the permeability data reveals that the permeability coefficients for
the individual test specimens vary as much as 20% from the average of all tests.
However, this variation may be accounted for, to a large extent, by the slight
variations in the porosity of the specimens. Since the. maximum variation in
porosity between test specimens was only about 2%, this points up the importance
which the porosity plays in determining the permeability of a sheet of paper.
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TABLE XXI
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It is also apparent from the results presented in Table XXI that the hydro-
dynamic specific surface areas calculated by assuming a value of 5.55 for the
Kozeny factor are much higher than those found in the studies on thick mats.
These results support the contention of Sanborn (25) that the Kozeny-Carman
equation is not applicable to thin handsheets of paper. While it is realized
from the studies on flattened synthetic fibers that a Kozeny factor greater than
5.55 is applicable to these structures, it is seen that if k is assumed to have
the same value for the mats and the thin handsheets, the calculated surface areas
of the latter are higher by a factor of about 2.
The results of the gas-drive tests on these handsheets are summarized in
Table XXII. In the interest of brevity, the computed moments of the distribu-
tions and the corresponding Student "t" values for skewness and kurtosis have
been omitted from Table XXII. While there was some variation in these properties
of the distributions, in no case did the pore size distribution curves exhibit
statistically significant skewness or kurtosis.
An interesting result of the study on the effect of basis weight on the pore
size distribution properties of paper is shown in Fig. 23. In this figure, it
is seen that there is a definite relationship between the mean hydraulic radius
determined from the gas-drive test and the standard deviation of the pore size
distribution (expressed as a percentage of the mean). This indicates that, at a
given, wet pressure, the pores become smaller and the distribution of pore sizes
becomes narrower as the basis weight is increased. Therefore, if the basis weight
is increased to the levels used earlier in the permeability studies on thick mats,
it is probable that the pore size distribution becomes quite narrow. In the thick
mats, then, the concept of a mean hydraulic radius, upon which the Kozeny-Carman
equation is based, is probably quite valid.
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TABLE XXII




H-25(50)-2 (Average basis weight = 52.4 g./sq. m.)
Based on the data:




TABLE XXII (Continued )
EFFECT OF BASIS WEIGHT ON PORE SIZE DISTRIBUTION
meability properties of the sheets are not affected by changes in basis weight.
As a result, it must be concluded that changes in pore size distribution have
relatively little effect on the permeability properties of paper over the range of
pore size distribution studied here. This conclusion is in qualitative agreement
with the findings of Fatt (47).
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Corte and Kallmes (65) have recently presented the results of a study on
the effect of basis weight on the pore sizes in a sheet of paper. These authors
determined only the maximum pore size of the sheets, and it was shown that the
maximum pore size was inversely proportional to the basis weight of the sheet.
The results of this study on the effect of basis weight on the mean hydraulic
radius is shown graphically in Fig. 24. It can be seen from this figure that the
mean hydraulic radius decreases regularly with increasing basis weight over the
entire range of basis weights investigated. However, the relationship is not
linear, and above a basis weight of about 100 g./sq. m., the curve appears to
level off somewhat. On the basis of this observation, 100 g./sq. m. was selected
as the basis weight to be used in the investigation on the effect of wet pressure
on the permeability and pore size distribution properties of paper.
EFFECT OF WET PRESSURE ON THE POROUS PROPERTIES OF PAPER
Having selected a basis weight at which to conduct the tests, the porous
structure of the specimens was varied by changing the wet pressure applied to the
sheet. A series of handsheets were prepared in the usual manner at a basis weight
of approximately 100 g./sq. m. These were couched at a pressure of 10 p.s.i. and
were wet pressed at pressures of 10, 25, 50, 75, and 100 p.s.i. After the usual
capacitance tests for sheet thickness, the specimens were subjected to air per-
meability and gas-drive tests. The results of the permeability tests are recorded
in Table XXIII. For purposes of comparing the results, the hydrodynamic specific
surface areas reported in Table XXIII were calculated by assuming a Kozeny factor
of 5.55. The porosities recorded in this table were calculated in the same manner




EFFECT OF WET PRESSURE ON PERMEABILITY PROPERTIES OF HANDSHEETS
Property
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The results reported in Table XXIII indicate that the porosity and permea-
bility of the sheet decrease as the sheet becomes denser. These results were
expected. However, the rapid increase in the calculated surface areas with in-
creasing wet pressure was not anticipated. While a slight increase in the ex-
posed surface area with increasing wet pressure was found in the permeability
tests on thick mats, this effect is much more pronounced in the data of Table
XXIII. These results will be discussed more fully later.
The effect of wet pressure on the pore size distribution properties is
summarized in Table XXIV. The computed moments of the distributions along with
the corresponding Student "t" values for skewness and kurtosis were omitted from
Table XXIV. In no case was the calculated skewness or kurtosis of the pore size
distribution data statistically significant.
The results of the study on the pore size distribution properties of paper
as a function of the wet pressure applied to the sheets are difficult to inter-
pret. The mean hydraulic radius of the sheet decreases regularly with increasing
wet pressure as seen in the data of Table XXIV. In addition, these data indicate
a decrease in the standard deviation of the pore size distribution as the wet
pressure applied to the sheet is increased.
The following hypothesis is suggested as an explanation of these results.
It is first supposed that at a given basis weight the porous structure of the
sheet is determined when the sheet is formed. However, this structure may be
altered in several ways-among which is the level of wet pressure applied to the
sheet. Since the fibers are in a highly swollen state when the sheet is first
formed, they are presumed to be quite mobile and are capable of being rearranged
by applying a certain wet pressure to the sheet. As the pressure is applied to


the sheet, the fibers would tend to reorient and slide over one another in such
a manner as to minimize the local compressive stresses in the structure. In
doing so, the fibers would move from locally more dense areas into locally less
dense areas, that is, into voids. The degree of fiber reorientation would
probably be dependent on the total wet pressure applied to the sheet as well as
the rate at which the pressure is applied.
In his study of the compression response of fiber mats, Jones (50) concluded,
"During first compression, fiber slippage and repositioning are very important
contributors to fiber bed deformations." While Jones's work was conducted on
saturated mats, it is felt that fiber slippage could occur to an appreciable





If fiber slippage did, in fact, occur during the wet pressing of the hand-
sheets, it could easily account for the changes in pore size distribution observed
in this study. As the fibers slipped into the void spaces in the sheet structure,
the measured pore sizes would be decreased, and if the fiber slippage occurred
more or less randomly throughout the sheet, the broadness of the pore size dis-
tribution could also be affected. While it is not suggested that the data of
Table XXIII prove this hypothesis, it is felt that the hypothesis does offer a
plausible explanation of the results obtained in this study.
In examining the permeability results of Table XXIII, it is found that the
porosities and apparent densities follow the expected trends. The porosities
decrease while the apparent density of the sheets increases with increasing wet
pressure. The surface areas calculated from the Kozeny-Carman equation, however,
are not only too high, but they increase with increasing wet pressure. The calcu-
lated surface areas obtained in earlier studies on thick mats increased from about
3700 to 4250 sq. cm./g. as the wet pressure was changed from 10 to 100 p.s.i. The
calculated surface areas of the handsheets (using the ordinary form of the Kozeny-
Carman equation with k = 5.55) varied from about 6000 to 11500 sq. cm./g. over
the same range of applied wet pressure. Thus, it must be concluded that the
ordinary form of the Kozeny-Carman equation is not applicable to the thin hand-
sheets of paper. The failure of the Kozeny-Carman approach may be attributed to
the wide distribution of pore sizes in the handsheets and to the fact that the
Kozeny factor changes with the wet pressure applied to the sheet. The latter
effect was shown by the studies on the permeability of synthetic fiber beds.
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ESTIMATION OF THE EXPOSED SURFACE AREA OF THE HANDSHEETS
FROM PORE SIZE DISTRIBUTION DATA
One of the important objectives of this thesis was to relate the pore size
distribution properties of paper to such properties as the permeability and
exposed surface area of the sheet An-attempt to apply a model of parallel
cylindrical capillaries to this problem was grossly unsuccessful. The develop-
ment of the equations describing the permeability properties of the parallel
capillary model, together with the results obtained in applying this model to
the data obtained in this study, are presented in Appendix III.
In an effort to overcome the inadequacy of the parallel capillary model,
the modified hydraulic radius theory described earlier was developed. The flow
parameter, , involved in.this theory is represented by
The empirical parameter, , includes the effects of.pore shape, tortuosity,
pore branching, etc.. In short, incorporates.all of the immeasurable quantities
which influence the flow of fluids through a sheet of paper. However, for a
given test specimen, is a constant and may be calculated from experimentally.
measurable quantities using Equation (74).
As mentioned earlier, the modified hydraulic radius theory leads to the
consequence that the hydrodynamic specific surface area, S , is given by
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In analyzing the data gathered in this study using Equations (74) and (78), the
integral was evaluated from the gas-drive data using the trapezoidal rule and K
was taken from the handsheet permeability tests.
The results of applying Equations (74) and (78) to the data obtained in the
study of the effect of wet pressure on the porous properties of paper, together
with the porosity of the specimens, are recorded in Table XXV. The calculated
hydrodynamic specific surface areas are plotted as a function of the wet pressure
applied to the sheet in Fig . 25. For comparative purposes, the values of S
-w
calculated from the Kozeny-Carman equation (assuming k = 5.55) are also plotted
in this figure.
Two facts are immediately apparent from Fig. 25. First, the exposed sur-
face areas calculated from the modified hydraulic radius theory are much lower
than those computed from the permeability data using 5.55 as the value of the
Kozeny factor. Secondly, the increase in the calculated surface areas with in-
creasing wet pressure is much less pronounced when the modified hydraulic radius
theory is used to estimate the surface area. The modified hydraulic radius theory
therefore appears to offer a significant improvement over the usual form of the
Kozeny-Carman equation in which a constant value is used for the Kozeny factor.
A rapid increase in the values of the flow parameter, , with increasing wet
pressure is shown in the data of Table XXV. As mentioned earlier, this empirical
parameter incorporates the effects of pore shape, tortuosity, particle shape, and
all of the inadequacies of the modified hydraulic radius theory. Any or all of
these factors could influence the calculated value of . It would certainly be
expected that the average tortuous path through the specimen (if such a property
is definable) would increase as the sheet becomes denser. In addition, one might
also expect that the effects of pore constrictions and pore branching would be-





The effect of pore constrictions on the computed values of exposed surface
area may be seen by considering Equation (7),
m = C/S (7)
Assuming the porosity to be constant (as was the case in the basis weight study)
the effect of pore constrictions would be to reduce the value of m, as measured
in the gas-drivetest, and therefore the calculated surface area must increase.
It will be recalled that in developing the modified hydraulic radius theory
it was necessary to introduce the assumption that flow through pores of a given
size is possible without interference from pores of different sizes. This
assumption, in effect, ignores the possibility of branched and interconnected
pores in the sheet and is one of the most obvious deficiencies of the theory.
It seems probable that this assumption would become less and less valid as the
sheet becomes more dense.
A convenient method of determining the importance of pore constrictions and
pore interconnections is found in applying the modified hydraulic radius theory
to the data gathered in the study of the effect of basis weight on the porous
structure of paper. In this study the porosity, apparent density, andpermea-
bility of the specimens were constant, and therefore the surface area exposed to
flow should also be independent of basis weight. On the other hand, one might
expect that the possibility of pore constrictions and pore interconnections should
increase as the sheet becomes thicker. In terms of the modified hydraulic radius
theory, it would be anticipated that these changes should influence the computed
values of the surface area exposed to flow. The results of applying Equations










EFFECT OF BASIS WEIGHT ON COMPUTED SURFACE AREAS
Specimens
Property A B C Mean
H-25(150)-3 (Average basis weight = 176 .2 g./sq. m.)
Sw, sq. cm./g. 5320 5356 -- 5338
, dimensionless 9.59 9.75 -- 9.67
, dimensionless 0.767 0.770 -- 0.768
The results recorded in Table XXVI reveal a significant increase in S with
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basis weight. These anomalies are again attributed to the effects of pore con-
strictions and pore interconnections. Consider briefly what happens in a sheet
of paper as the basis weight is increased at a given level of wet pressure. For
the extreme case of very thin sheets only a few fibers thick, the pores must
pass directly through the sheet. In this case, the branching and interconnecting
of pores is at a minimum. However, as the basis weight is increased, the possi-
bility of branched and interconnected pores must also increase. As a result, as
the basis weight is increased to the levels used in this study, the assumption
of noninterference between flow components from different sized pores, which is
involved in the development of the modified hydraulic radius theory, becomes
less and less valid. In addition, one might also expect that the constrictions
in the pores might become more severe at higher basis weights.
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CONCLUSIONS
The experimental observations made in this study have led to the following
conclusions:
1. The Kozeny-Carman equation applied very well to the thick mats tested in
this study. This was shown by the high correlation coefficients obtained on the
rectified plots of the permeability data.
2. A progressive collapse of the fibers occurred as the wet pressure applied
to the thick mats was increased. This conclusion was supported by the observa-
tion that the hydrodynamic specific volume of the fibers decreased as the struc-
ture became denser.
3. The Kozeny factor is affected by fiber shape, becoming larger as the
fibers become more and more flattened. The increase in the calculated surface
area exposed to flow as the wet pressure applied to the mat was increased and
the results of the permeability tests on synthetic fiber beds support this
conclusion.
4. The pore size distribution of paper can be fitted to a log normal
distribution with a high degree of correlation. This was demonstrated by the
high correlation coefficients obtained on the log probability plots of the pore
size distribution data as well as by the fact that no evidence of a statistically
significant skewness or kurtosis was found in the pore size distribution data.
5. As the basis weight of the sheet was increased, the pore size distribu-
tion shifted toward smaller pore sizes and became narrower. Therefore, at higher
basis weights the concept of a mean hydraulic radius, upon which the Kozeny-Carman
equation is based, is probably a valid one.
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6. From the results obtained in the basis weight study, it was concluded
that the pore size distribution of a sheet of paper (as measured by the gas-
drive technique) has relatively little effect on the permeability properties
of the sheet over the range of pore size distribution studied.
7. As the wet pressure applied to the sheet was increased, the pore size
distribution (determined by the gas-drive method) became narrower and shifted
to smaller pore sizes. These changes were attributed to the rearrangement of
fibers in the sheet.
8. The ordinary form of the Kozeny-Carman equation does not apply to thin
handsheets of paper. Attempts to employ this equation resulted in a calculated
surface area which was too high by a factor of about 2 to 3.
9. The modified hydraulic radius theory, in which the pore size distribution
is taken into account, represents a significant improvement over the normal form
of the Kozeny-Carman equation. However, when this theory was used to analyze
the data, an increase in the hydrodynamic specific surface area with basis weight
and with wet pressure was found. This result was believed to be due primarily to
the failure of the theory to take account of the interconnection of pores and to
the effects of constrictions in the pores within the sheet.
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SUGGESTIONS FOR FUTURE WORK
In the field of flow through porous media in general, there is a need for
more work on both the theoretical and experimental fronts. In the theoretical
area, the major stumbling block is the lack of a workable model with which to
describe the structure of porous media. While the network models suggested by
Fatt (47) and Rose (48) represent an interesting possibility, these models are
not yet amenable to mathematical treatment with any reasonable amount of labor.
The several statistical techniques offer a promising area of approach, but
these will probably have to be modified extensively before they are applicable
to fibrous sheets.
In the area of experimental work, it would be desirable to conduct a more
systematic study of the effect of fiber shape on the Kozeny factor than was
possible in this thesis. It would be particularly useful to establish a means
of determining the Kozeny factor as a function of porosity for wood pulp fibers.
The results obtained in this study indicate that while a value of k of about 5.55
is applicable to cylindrical fibers in the porosity range from 0.6 to 0.8, a
much higher value is probably applicable to flatter fibers such as those in wood
pulp. As a result of this observation, one must conclude that the hydrodynamic
specific surface areas of wood pulp fibers reported in the literature (where the
Kozeny factor is taken from correlations based on cylindrical fibers) are too high.
The gas-drive test and the permeability test offer a combination which may
prove useful in establishing the relationship between the Kozeny factor and
porosity for wood pulp fibers. By measuring the mean hydraulic radius of very
thick mats (which should have a narrow range of pore sizes) using the gas-drive
technique and relating these data to the permeability coefficients of the same
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mats, the relationship between k and porosity might be studied. While there
remains some doubt as to the equivalence of the mean hydraulic radius from the
gas-drive test and the hydraulic radius effective in offering resistance to
flow, the experimental techniques could be calibrated easily using cylindrical,
synthetic fibers. Even though such an approach is quite empirical in nature,
it is felt that some useful information could be obtained from such a study.
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(In consistent c.g.s. units)
= cross-sectional area of a test specimen perpendicular to the direction
of macroscopic flow, sq. cm.
= average projected area of contact between fibers in a bed, sq. cm.
= cross-sectional area of a fiber, sq. cm.
= radius of a cylinder, cm.
= radius of a unit cell in the free surface model, cm.
= free segment length between contact points in a fibrous bed, cm.
= number of times a pin dropped randomly onto a porous medium crosses the
perimeter of a void, dimensionless
= capacitance of a mercury-paper-mercury condenser, micromicrofarads
= a dimensional constant, sec. 7/g.3
= effective fiber diameter, cm.
= diameter of a cylinder, cm.
= base of Naperian logarithms
= "formation resistivity factor," dimensionless
= drag force on a unit length of a cylinder, dynes
= total drag force on an assemblage of particles, dynes
= frequency of occurrence of pores of size, m., dimensionless
= the acceleration due to gravity, cm./sec.2
= a function of the vector r, dimensionless
a distribution function, dimensionless
= number of times that the head of a pin dropped randomly onto a porous
medium falls within a void, dimensionless
= height of capillary rise, cm.
= a distance, cm.



















K = permeability coefficient, sq. cm.
K' = dielectric constant of a sheet of paper, dimensionless
K = apparent permeability coefficient, sq. cm.-a
K. = permeability coefficient of an idealized medium, sq. cm.
-1
K = proportionality factor in Equation (7), cc. sec./g.
-o
K = relative permeability, dimensionless
-r
AK = the increase in relative permeability coefficient which results when
-r
- a given idealized medium is opened to flow, dimensionless
k = Kozeny factor, dimensionless
k = Kozeny factor corrected for area of contact between particles in the
- bed, dimensionless
k = shape factor, dimensionless
L = thickness of a test specimen, cm.
L = length of a cylinder, cm.
L = average tortuous length of the flow path through a bed of thickness,
- L, cm.
L. = "initial" thickness of a thick fibrous mat, cm.
L = thickness of a fibrous bed at zero porosity, cm.
l = length of a capillary, cm.
1 = third moment of a distribution about the mean, dimensionless
M4 = fourth moment of a distribution about the mean, dimensionless
M(Xj) = jth moment of a distribution about the origin, dimensionless
m = a hydraulic radius, cm.
m = mean hydraulic radius, cm.
N = number of cylinders in a unit volume, dimensionless
N = total number of contact points in a fibrous bed, dimensionless
Nj = number of pores opened to flow at a pressure drop, APi, dimensionless
N = total number of cylindrical tubes in a capillary model, dimensionless
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P = a probability, dimensionless
AP = over-all pressure drop across a test specimen, dynes/sq. cm.
P' = perimeter of a fiber, cm.
APi = the pressure drop required to open a given idealized medium to flow,
- dynes/sq. cm.
PD = probability that the ends of a line thrown randomly onto a porous medium
- will land with its ends in different environments, dimensionless
P = probability that an incremental change in the length of a line thrown
randomly onto a porous medium will allow the line to penetrate across
a solid boundary, dimensionless
p = local pressure, dynes/sq. cm.
Q = volumetric flow rate, cc./sec.
AQ = change in volumetric flow rate when a given idealized medium is opened
to flow, cc./sec.
R = radius of a cylindrical capillary, cm.
R1,R2 = principal radii of curvature of a meniscus confined within a pore space,
cm.
Re = Reynolds number of a porous medium, dimensionless
R = electrical resistance of a porous medium saturated with an electrolyte,
ohms
R = electrical resistance of a free electrolyte, ohms
r = a radius:, cm.
r = a position vector, cm.
S = total surface area of the capillaries in a capillary model, sq. cm.
-
S() = a correlation function, dimensionless
S = surface area of a bed per unit volume of the bed, sq. cm./cc.
-o
S = surface area of a bed per unit volume of the particles which compose
- the bed, sq. cm./cc.
S = hydrodynamic specific surface area of a bed, sq. cm./g.
U = projected width of a fiber, cm.
u = superficial linear velocity or a local velocity, cm./sec.
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u = superficial linear velocity within a pore space, cm./sec.
V = an approach velocity, cm./sec.
V = total capillary volume in a capillary model, cc.-c
v = hydrodynamic specific volume of the fibers in a bed, cc./g.
v = velocity component in the r direction, cm./sec.
-r
v = velocity component in the a direction, cm./sec.
W = mass of fibers in a test specimen, g.
X = natural logarithm of the hydraulic radius, dimensionless
X = mean of a log normal pore size distribution, dimensionless
x = x co-ordinate
y = y co-ordinate
Z = "standardized variable" in Equation (93), dimensionless
z = z co-ordinate
= an angle, radians
B = b-factor, number of tubes connected to a given tube in a network
model, dimensionless
y = surface tension, dynes/cm.
6 = length vector, cm.
A5 = an incremental length, cm.
E = porosity or fractional void volume of a porous medium, dimensionless
= fluid viscosity, g./(cm.sec.)
e = an angle, radians
= microns - 10 cm.
p = fluid density, g./cc.
Pb = apparent density of a fibrous bed, g./cc.
p = fiber density, g./cc.
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= standard deviation of hydraulic radii, cm.
ax = standard deviation of a log normal distribution, dimensionless
= angle betweenthe normal to a surface and the length vector , radians
0' = a constant, dimensionless
= the "flow parameter" in the modified hydraulic radius theory, dimensionless
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APPENDIX I
SAMPLE CALCULATION OF PORE SIZE DISTRIBUTION
FROM GAS-DRIVE DATA
The general methods used to calculate the pore size distribution of the hand-
sheets from the gas-drive data have been described earlier. The purpose of this
presentation is to present an example of these calculations using the data
gathered on one of the specimens tested. The gas-drive data were gathered by
covering the specimen with technical-grade hexyl alcohol and then making flow rate-
pressure drop measurements on it. Some typical flow rate-pressure drop data
obtained on Specimen H-25(100)-6B are presented in Fig. 26. The pore size dis-
tributionsof all specimens were calculated from such plots. The additional per-
tinent data on Specimen H-25(100)-6B are presented in Table XXVII.
TABLE XXVII
ADDITIONAL DATA FOR SPECIMEN H-25(100)-6B
Property Value
Specimen weight, g. (ovendry) 1.2850
Moisture content, % 1.86
-2
Specimen thickness, 10 cm. 2.986
-4
Gas viscosity, 10 poises 1.765
Surface tension, dynes/cm. 23.90
The first step in calculating the pore size distribution from the flow
rate-pressure drop plots was to convert each data point to an apparent permea-
bility coefficient defined by
K = QnL/(A P) (68)
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The values of K were then converted to relative permeability values, K , by
-a
dividing through by the limiting value of K , that is, by (K ) . The fre-
quency of occurrence of each pore size, AK , was then calculated by subtracting
the preceding value of K from the value at the data point under consideration.
r
The hydraulic radii at each measured pressure drop were calculated from Equation
(67),
m = /AP (67)
where y is the surface tension of the hexyl alcohol and AP is the measured pres-
sure drop. A summary of these data for Specimen H-25(100)-6B is presented in
Table XXVIII.
A plot of the hydraulic radii versus K represents the pore size distribu-
-r
tion of the specimen. The next step is to fit the pore size distribution data
to the log normal distribution. This can be done in a semiquantitative manner
by plotting log m against K on log probability paper. As shown by Hatch and
-r
Choate (53), such a plot should be linear if the data fit the log normal distribu-
tion. A plot of these data for Specimen H-25(100)-6B is given in Fig. 27. It
can be seen from this figure that the data fit the log normal distribution quite
well.
The mean and variance of the pore size distribution were calculated from







In these equations, fi is the frequency of occurrence of pores of size mi, m is
m
simply the values of AK listed in Table XXVIII. The standard deviation of the
data was calculated as the square root of the variance. The mean and standard
deviation of the log normal distribution were also calculated from Equations (88)
and (89) by substituting X = ln m for m in these equations.
The third and fourth moments of the logarithms of the hydraulic radii (about





These moments of the distribution were then used to test the data for skewness
and kurtosis as described by Goulden (55).
Two other ways in which a distribution curve may differ from normal involve
the above-mentioned moments of the distribution about the mean. For a normal
distribution, the third moment is zero, and the fourth moment is 3.0 (66). The
third moment is a measure of a property known as skewness. A distribution is
said to have a positive skewness if there are more values greater than the mean
than there are less than the mean. The opposite condition is known as a negative
The fourth moment of the distribution is related to a property known as
kurtosis. The kurtosis is a measure of the peakedness of the distribution curve.
A positive kurtosis exists if the distribution curve is more peaked than normal.
-190-
-191-
This condition is referred to as leptokurtosis (67). A negative kurtosis (play-
tokurtosis) indicates a distribution which is flatter than normal. A distribution
which is normal or very nearly normal is referred to as mesokurtic.
A convenient method for testing the data for skewness and kurtosis, utiliz-
used to test the pore size distribution data for skewness and kurtosis, and the
third and fourth moments together with the corresponding Student "t" values were
computed for all of the specimens tested in this study. The Student "t" values
were compared with the tabular values at infinite degrees of freedom (1.960 at
the 5% significance level) to determine whether or not the skewness and kurtosis
of the data were statistically significant when compared with the log normal
distribution. The results of these calculations for Specimen H-25(100)-6B are
presented in Table XXIX.
In order to obtain a quantitative measure of the degree to which the data
fitted the log normal distribution, the X versus K data were fitted to a straight
line using the method of least squares developed by Jentzen (54). The following
transformation of variables was employed to convert the nonlinear normal prob-
ability scale to a linear scale,
The "standardized variable," Z, is normally distributed with a zero mean and
unit standard deviation (66), and, as shown by Equation (103), Z is linear with
X. A trial-and-error procedure was used to convert the values of K to the
-r
values of Z expected from the normal distribution. This was accomplished by re-
peatedly comparing the value of K with the integral of the normal probability
distribution estimated from a Hasting's approximation (68). The value of X from
-192-
the data and Z from the approximation of the normal distribution were fitted to a
straight line by least squares, and the least squares mean and standard deviation
of the log normal distribution were then calculated from the intercept and slope,
respectively, of the fitted line. At the same time, an over-all correlation co-
efficient was calculated from the data. These calculations were carried out with
the aid of an IBM 1620 computer. The calculated pore size distribution properties
of Specimen H-25(l00)-6B are summarized in Table XXIX.
TABLE XXIX
PORE SIZE DISTRIBUTION PROPERTIES OF SPECIMEN H-25(lOO)-6B
Based on the data:
X, dimensionless -7.679
Moments of the log normal distribution about the mean:
Third moment, dimensionless -0.030











The results obtained in the air permeability studies on thick mats are
summarized in Tables VIII and IX. The data from which these results were calcu-
lated are presented in Table XXX. The experimental data collected on the thick
mats fitted Darcy's law extremely well, as shown in Fig. 19; therefore, only
the permeability coefficient-thickness data are presented in Table XXX. The
values of W recorded in this table are the specimen weights after being condi-
tioned with dry nitrogen. The moisture content of these specimens varied from
0.50 to 1.25% above oven dry. The values recorded in Table XXX for the initial








w = 2.449 g.





































































w = 6.578 g.




























w = 4.708 g.







































w = 4.842 g.














w = 4.858 g.


























































w = 4.815 g.






































W = 5.035 g.






















































































APPLICATION OF A PARALLEL CAPILLARY MODEL TO PAPER
As mentioned earlier, a number of authors (27-30) have suggested the use of
cylindrical capillary models to describe the structure of porous media. Such a
model was applied to the data gathered in this study. Specifically, a model of
parallel, cylindrical capillaries in which the radii of the capillaries were dis-
tributed according to the log normal distribution was employed. The equations
describing the permeability properties of this model may be developed as follows.
For a system of N uniform capillary tubes of radius R and length l,
Now, consider a system of Nt capillaries of equal length, l, whose radii are
distributed according to some distribution function, h(R):
0
If the function h(R) is assumed to be log normal, the distribution of the
logarithms of the capillary radii (to the Naperian base) is given by
where X = ln R and g(X) is the log normal distribution function with a mean of
X and variance o . Or, in terms of the distribution function h(R) (69),
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limits of integration in Equation (97).]
The integral in Equation (97) is simply the second moment of the distribution
about the origin. It can be shown (69) that these moments of the log normal dis-
tribution are represented by
where M(Xj ) represents the jth moment about the origin.
If j is set equal to 2 in Equation (98) and the result is substituted into
Equation (97),
The above equation represents the total void volume of the capillary system.
The porosity of the system is then
where A and L are the bulk area and thickness of the model.
From Equation (94), substituting for R and dR as before,
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The integral in Equation (101) represents the first moment about the origin.
Applying Equation (98) with j = 1,
This equation represents the total surface area of the capillary system.
Equations (100) and (102) were used to estimate the porosity and exposed
surface area, respectively, of the thin handsheets tested in this study. However,
in order to apply these equations, the following assumptions must be made:
1. The flow channels through the sheet are assumed to be uniform
cylinders of constant length where effective radii (as determined
in the gas-drive test) are distributed according to the log normal
distribution.
2. The model is assumed to have the physical dimensions of the test
specimen in the gas-drive test.
In addition, it is necessary to analyze the gas-drive data using a method
which is consistent with the model of parallel, cylindrical capillaries. Such
an analysis is presented below.
In the gas-drive test, the additional increase in flow rate, above that
expected from Poiseuille's equation, is proportional to the number of pores
opened to flow. This can be stated mathematically as
where AQ. is the increase in flow rate due to the opening of N pores and Q is
the flow rate through each new pore opened to flow. If the pores are assumed
to be cylindrical, the effective radius can be calculated from the Kelvin equation
-199-
(assuming a contact angle of zero),
In Equation (65), AP is the measured pressure drop, y is the surface tension of
the liquid, and R is the effective radius of the pores.
For cylindrical pores, the flow rate through each pore at a given pressure
drop can be calculated from Poiseuille's equation,
where n is the viscosity of the permeating fluid and l is the length of the
pores (assumed to be constant in this case).
Combining Equations (65), (103) and (104), one obtains
Assuming that the surface-tension, pore length, and viscosity are constant, the
number of pores opened to flow at each pressure increment is
where C is a constant.
-o
The pore size distribution (based on a capillary model) can be calculated
from Equation (106) since
represents the fraction of the total number of pores at a given pore size.
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The gas-drive data gathered in the study on the effect of wet pressure on
the porous properties of paper were evaluated using the parallel capillary model
described above. A summary of these results are presented in Table XXXI. In
the interest of brevity, only the average of three specimens tested at each level
of wet pressure are recorded in this table.
APPLICATION OF A
TABLE XXXI






















aThe total number of capillaries
number of capillaries opened to
Equation (106).
in the model was calculated by summing the
flow at each pressure increment, using
It is quite apparent from the results recorded in Table XXXI that the model
of parallel capillaries does not even approximately describe the porous proper-
ties of these sheets. Both the calculated porosities and the calculated surface
areas are much too low. In addition, the parallel capillary model predicts an
increase in porosity and surface area with increasing wet pressure applied to
the sheet. Neither of these predictions is logical.
Wet
Pressure,
p.s.i.
10
25
50
75
100
R,
10.90
8.78
6.71
5.86
5.06
R
1.65
1.33
1.05
0.95
0.86
